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1.  Introduction 

We  are  developing  clinical  scale  production  of  two  gaseous  hyperpolarized  contrast  agents  and 
hyperpolarized  MRI  allowing  for  ultrafast  (potentially  sub-second)  and  high-throughput  molecular  imaging  of 
lung  function.  The  key  additional  focus  of  this  project  is  on  significantly  lower  cost  of  our  imaging  technology  of 
low-field  MRI  compared  to  conventional  high-field  (1.5  T  and  beyond)  MRI  due  to  much  higher  patient 
throughput/much  faster  exams  and  the  use  of  low  field  =  low  cost  MRI.  We  focus  our  research  effort  on  the 
high-risk  and  critical  challenges  that  must  be  solved  to  enable  clinical  implementation  of  hyperpolarized  gases 
for  pulmonary  imaging. 

Specifically,  the  research  efforts  during  Year  2  have  focused  on  three  specific  aims  as  described  in 
Statement  of  Work  (Appendix  1): 

Aim  1:  Develop  and  construct  a  fully  automated  high-pressure  low-cost  stand-alone  129Xe 
hyperpolarizer 

Aim  2:  Develop  a  large-scale  hyperpolarization  method  for  HP  propane 
Aim  3:  Develop  and  construct  a  0.05  T  MRI  scanner 

It  should  also  be  noted  that  this  report  cites  many  recently  published  works,  and  the  report  is  therefore 
significantly  streamlined  with  references  to  relevant  publications.  All  pertaining  details  can  be  found  in  the 
corresponding  peer-reviewed  publications  and  manuscripts,  which  are  supplied  in  this  progress  report.  We  also 
note  that  14  such  publications,  accepted  manuscripts,  1  journal  cover  (with  DOI),  1  cover  story  (with  DOI  and 
page  number)  have  been  produced  during  Year  2  of  the  funding  period,  which  represents  our  commitment  to 
research  and  overall  progress  tempo  with  regards  to  this  project,  and  also  demonstrates  the  fact  that  the  work 
conducted  under  this  funding  is  novel.  The  copies  of  all  publications,  submitted  manuscripts  and  conference 
abstract  are  provided  in  the  Appendix  2.  They  contain  a  significant  amount  of  technical  and  specialized 
information. 

2.  Keywords 

Low-field  MRI,  lung  imaging,  molecular  imaging,  functional  imaging;  propane;  xenon-129;  NMR;  MRI; 
hyperpolarization. 
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3.  ACCOMPLISHMENTS 

Please,  refer  to  Appendix  1  for  the  statement  of  work  of  the  entire  project.  The  following  sections  describe 
the  specific  areas/tasks  of  the  project  conducted  during  Year  1  of  this  project. 

Task  1.1.  Design  of  automated  129Xe  hyperpolarizer 

Completed  during  Year  1. 

Task  1.2.  Prototyping  of  automated  129Xe  hyperpolarizer 

Completed  during  Year  1. 

Task  1.3.  Prototype  Construction  and  testing 

Completed  during  Year  1. 

We  note  that  we  have  also  looked  at  the  alternative  design  of  the  optical  pumping  cell,  where  a  metal  cell 
was  built  using  coated  aluminum  tubing.  We  designed  and  built  the  prototype  cells.  The  cells  were  tested  for 
optical  pumping  at  SIUC  site,  where  some  hyperpolarization  of  129Xe  was  detected.  We  note  that  polarization 
numbers  were  generally  significantly  lower  than  those  obtained  in  glass  cells.  Therefore,  the  project  proceeded 
with  optical  pumping  cell  made  of  glass.  We  note  that  this  design  maybe  potentially  refined  in  the  future  if 
better  surface  coating  will  become  feasible. 

Task  1.4.  Final  Design 

Final  Design  of  the  129Xe  hyperpolarizer  has  been  completed  and  we  have  placed  all  purchase  orders  for 
key  components.  Some  components  arrived  and  allowed  us  to  begin  the  final  construction  of  the  129Xe 
hyperpolarizer.  The  final  construction  has  begun  during  Year  2  (see  below).  The  Section  1.5  (construction)  will 
cover  the  aspects  of  device  design,  because  the  design  features  are  best  described  by  actual  pictures  and 
figures  of  merit  (polarization,  etc.). 

Task  1.5.  Final  Construction 

Final  construction  of  the  129Xe  hyperpolarizer  began  in  Year  2.  It  is  nearly  competed  (as  we  already  show 
(below)  some  device  functionalities.  Because  of  the  delays  (approximately  3  months)  with  construction,  our 
team  has  worked  on  some  aspects  of  polarizer  optimization  (part  of  Year  3  work)  ahead  of  the  schedule.  The 
delays  were  largely  due  to  delays  of  the  key  components  from  the  vendors  including  driver  module  for 
automation  and  most  critically  for  the  high-power  laser  diode  array  (LDA).  Overall,  the  activities  and  the 
tempo/progress  of  the  project  along  aim  1  were  along  the  lines  of  the  original  SOW. 

The  pictures  below  summarize  the  nearly  completed  construction  of  the  xenon-129  hyperpolarizer. 
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Figure  1.  The  overall  rendering  of  new-  Figure  2.  Photograph  of  the  actual  constructed  upper 

generation  129Xe  hyperpolarizer.  (open)  chassis  of  the  129Xe  hyperpolarizer.  The  magnet  is 


removed  to  show  the  optical  pumping  cell  and  the  optical 
train. 


Figure  3.  Photograph  of  the  view  from  the  back 
of  the  electromagnet  (8”  ID).  Note,  the  optical- 
pumping  cell  is  removed.  Note  the  RF  coil  (for  in 
situ  NMR  spectroscopy  detection)  at  the  bottom 
of  the  aluminum  optical-pumping  cell  jacket. 


Figure  4.  Photograph  of  the  actual  constructed  upper 
(open)  chassis  of  the  129Xe  hyperpolarizer.  The  magnet  is 
ON. 
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The  figures  below  show  the  photographs  of  the  actual 


Xe  hyperpolarizer  components 


129 


Figure  8.  The  close-up  photograph  of  two  RF  coils 
(for  in  situ  NMR  polarimetry  at  40.8  kHz)  of  the 
hyperpolarization  equipment.  The  scope  is  used  to 
measure  the  resonance  frequency  of  the  RF  coil, 
because  the  coil  is  not  matched  to  50  Ohm. 


Figure  6.  The  photo  of  the  220  V  ADC  relay  board. 


Figure  7.  The  photo  of  the  driver  module. 


Figure  9.  The  photograph  of  the  side  view  of  the  upper 
129Xe  hyperpolarizer  frame.  The  image  shows  the  high- 
power  LDA  with  2”  beam  expander  aiming  at  the  optical 
pumping  cell. 


129Xe  hyperpolarizer  features  ca.  170  W  LDA.  The  laser  delivery  was  delayed  causing  the  major  shift  in  our 
construction  schedule.  We  note  that  the  laser  performance  has  deteriorated  from  the  nominal  170  W  value  to 
ca.  132  W  value  over  the  period  of  ~2  months,  which  does  not  meet  the  vendor’s  specifications  (Figure  10). 
We  will  be  contacting  the  vendor  during  Year  3  to  remedy  this  issue.  Figure  11  provides  the  spectral  response 
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on  the  laser  using  the  new  IR  spectrometer.  We  note  that  the  current  design  (and  its  implementation)  shows 
better  spectral  resolution  of  both  the  LDA  (0.20  nm  vs.  0.26  nm  of  the  previous  design)  and  the  IR  detector 
(0.07  nm  vs.  0.10  nm). 

7/13/2017  10/23/2017 

Amps  Laser  Power  (Watts)  Laser  Power  (Watts) 

15  22.06 

20  40.27  36 

25  59.22  53 

30  77.85  70 

35  97.23  86 

40  115.8  102 

45  133.9  118 

49  148.4 

50  152.6  132 


Figure  10.  Laser  power  degradation  with  time.  The  laser  was  tested  at  170  W  by  the  vendor  prior  the 
installation.  We  now  only  get  132  W.  We  will  work  with  vendor  during  Year  3  to  remedy  this  issue. 


Figure  11.  The  spectral  response  of  the  LDA  laser  measured  using  IR  spectrometer. 
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The  construction  of  nearly  all  key  components  of  129Xe  hyperpolarizer  is  completed,  and  we  are  now  in  the 
process  of  testing,  integration  and  automation.  Figure  12A  shows  examples  of  in  situ  NMR  polarimetry  of 
(reference  signal,  right  and  middle)  samples.  The  spectrum  in  the  middle  is  recorded  using  water  phantom  (of 
similar  shape  at  the  sample  of  the  optical  pumping  cell)  recorded  in  ~  5  mins.  The  intensity  of  this  spectrum  is 
then  referenced  vs.  the  intensity  of  hyperpolarized  129Xe  -  also  resonating  at  40.8  kHz  (achieved  by  increasing 
the  magnetic  field  up  by  ~3.7  fold)  allowing  for  computation  of  %PX e-  The  spectrum  on  the  left  shows  the 
spectrum  of  HP  129Xe  hyperpolarized  to  129Xe  polarization  (%PXe)  of  ca.  65%.  Figure  12A(right)  shows  the 
spectrum  of  built-in  proton  referencing  phantom.  This  phantom  will  allow  for  advanced  quality  assurance  in  the 
future:  indirect  signal  calibration  for  computing  %PXe  (without  removing  the  optical  pumping  cell  as  this  was 
done  to  obtain  the  middle  spectrum  of  Figure  12),  setting  the  amperage  of  the  magnet  power  supply  to  ensure 
the  device  is  ON  resonance  in  the  presence  of  the  fringe  fields,  and  other  more  advanced  tasks.  Manuscript  is 
in  preparation  to  report  on  the  new  design  of  the  aluminum  jacket  employed  for  temperature  management  of 
the  optical  pumping  cell,  which  improves  the  overall  device  performance  in  terms  of  the  speed  of  temperature 
cycling  by  approximately  a  factor  of  3.  It  allows  to  decrease  the  production  cycle  for  production  of  a  batch  of 
HP  129Xe.  Figure  12B  shows  the  example  of  129Xe  NMR  in  situ  detection  of  PXe  build-up  and  decay.  Note  the  Ti 
of  -168  mins  (Figure  12B,  right)  is  a  clear  sign  of  a  good  quality  optical  pumping  cell,  which  additionally 
confirms  that  the  new  optical  pumping  cell  design  was  an  overall  success. 

The  efforts  during  3  will  focus  on  completion  of  the  construction,  integration  and  automation  of  129Xe 
hyperpolarizer.  Overall,  we  are  thrilled  to  report  that  all  initial  design  features  have  been  materialized  as 
expected/designed. 


HP  l29Xe 

%PXe  =  65%±13% 


129Xe  Larmor  Frequency  (kHz) 


1H  Water  Signal  Reference 
%PH  =  3.3x1 0-7% 


i  i  .  ■  ■  i  i  i  ■  ■  i  ■  ■  ■  i  i  ■  ■  ■  i  i 


0.4; 

0.2; 

o.o- 

[1H]=1 10  M 
1024  scans 

-0.2- 

(5  mins) 

i  ■  ■  ■  ■  i  ■  ■  ■  ■  i  ■  ■  ■  ■  i  ■  ■  ■  ■  i 


1H  Signal  Reference 
built-in  the  RF  probe 


38.8  39.8  40.8  41.8  42.8 

1H  Larmor  Frequency  (kHz) 


1H  Larmor  Frequency  (kHz) 
HP  129Xe,  th 

Rb  and  50:50  mix  of  Xe  and  N2  gases,  (middle)  'H  NMR  spectrum  thermally  polarized  water. 


Figure  12A.  In  situ  NMR  spectroscopy  at  40.8  kHz.  (left)  129Xe  NMR  spectrum  of  HP  129Xe,  the  cell  is  filled  with 


Figure  12B.  In  situ  NMR  spectroscopy  at  40.8  kHz.  (left)  Detection  of  build-up  of  PXe  during  optical  pumping 
process,  (right)  Detection  of  decay  of  PXe  after  optical  pumping  process  was  stopped  (by  rapid  cool  down  and 
turning  off  the  laser. 
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Aim  2.  The  activities  during  Year  2  of  the  project  were  focused  around  Task  2.3  Polarizer  prototyping  and  Task 
2.4.  Prototype  Optimization  in  accord  with  the  original  scope  of  work:  see  Appendix  1  for  details. 


Task  2.3  Polarizer  prototyping 

The  heterogeneous  PHIP  polarizer  prototype  was  created  using  a  series  of  electronic  valves,  temperature 
sensors  and  controllers.  It  features  several  critical  components: 

1)  Power  supplies,  switches,  etc. 

2)  24  VDC  high-pressure  valves; 

3)  mixing  tank  (to  mix  parahydrogen  and  propene  substrate); 

4)  Stage  1  chamber  for  heating  the  gas  mixture  that  enters  the  reactor; 

5)  Temperature-controlled  heterogeneous  reactor  (stage  2); 

6)  Stage  3  chamber  for  cooling  the  gas  mixture  that  exits  the  reactor; 

The  photograph  of  the  prototype  device  is  shown  in  Figure  13. 

We  note  that  the  polarizer  prototype  operates  with  the  same  PID  temperature  controllers  and  the  24VDC 
valves.  As  a  result,  the  replica  driver  module  (from  129Xe  hyperpolarizer,  see  above)  will  be  employed  for  this 
hyperpolarizer  construction  too.  We  note  that  while  the  prototype  is  controlled  by  manual  electric  switches 
(Figure  13),  the  driver  and  the  relays  will  control  the  final  polarizer  in  a  completed  automated  and  integrated 
fashion.  All  key  components  have  been  ordered,  and  being  delivered.  Once  the  prototype  is 
validated/optimized,  the  final  device  will  be  completed  by  the  adding  the  advanced  automation  hardware:  relay 
board,  driver  module  and  optional  NMR  spectrometer  (for  feasibility  of  in  situ  quality  assurance  of  the  HP  gas). 


Figure  13.  The  photograph  of  the  heterogeneous  PHIP  polarizer  for  hyperpolarization  of  propane  gas  via 
heterogeneous  reaction  of  pairwise  parahydrogen  addition  to  propene  substrate. 


10 


Task  2.4.  Prototype  Optimization 

1)  The  prototype  optimization  was  performed  in  part  by  performing  catalyst  performed  optimization  ahead 
of  the  the  prototype  construction  (paper  7:  Barskiy,  D.  A.;  Kovtunov,  K.  V.;  Gerasimov,  E.  Y.;  Phipps,  M. 
A.;  Salnikov,  O.  G.;  Coffey,  A.  M.;  Kovtunova,  L.  M.;  Prosvirin,  I.  P.;  Bukhtiyarov,  V.  I.;  Koptyug,  I.  V.et 
al.  2D  Mapping  of  NMR  Signal  Enhancement  and  Relaxation  for  Heterogeneously  Hyperpolarized 
Propane  Gas.  J.  Phys.  Chem.  C  2017,  121,  10038-10046.).  This  paper  (especially  Figure  4  of  the 
paper,  see  Appendix  2  for  details)  concluded  that  the  reaction  hyperpolarization  yields  (to  optimize 
propane  degree  of  hyperpolarization)  require  careful  mapping  of  the  conditions  such  as  the  ratio  of  the 
components,  pressure,  etc.  As  a  result,  these  systematic  studies  guided  the  prototype  (and  future  final 
design)  construction,  because  the  reaction  will  be  performed  at  high  pressure,  which  mitigated  the 
polarization  losses  due  to  relaxation.  We  note  that  this  work  did  not  allow  us  for  the  temperature  control 
of  the  catalyst,  which  is  now  possible  in  the  prototype  design  (Figure  13).  It  will  lead  to  improved 
polarization  numbers  for  the  produced  HP  propane  gas. 

2)  The  second  area  of  tests  was  done  with  respect  to  the  temperature  management  (up  to  200  °C  and 
potentially  more  as  needed  for  gas  temperature  control; 

3)  The  third  area  of  tests  was  performed  with  regards  to  the  flow  of  gas.  The  setup  shown  in  Figure  13 
allows  the  flow  capable  of  delivering  1  L  of  gas  in  one  go  (<10  s  cycle)  or  several  liters  per  minute  in 
continuous  mode  production. 

4)  The  hyperpolarization  tests  were  not  completed  (but  planned)  during  Year  2  due  to  early  departure  of 
the  postdoctoral  fellow  (moved  to  UC  Berkeley  for  next  phase  career  training)  and  issues  with  visas 
(Russian-USA  sanctions)  for  our  visiting  collaborator,  who  will  be  performing  the  tests  during  Year  3. 
Overall,  we  are  very  exciting  about  our  progress  with  this  PHIP  propane  hyperpolarizer. 

Aim  3.  The  activities  during  Year  2  of  the  project  were  focused  on  many  tasks  of  Aim  3. 


Task  3.1.  Design  low-field  MRI  system  with  commercial  vendors 

We  originally  aimed  for  using  0.05  T  magnet  (budgeted)  with  Tecmag  console.  We  have  good  experience 
with  it.  But  as  we  gained  more  experience  with  this  system  (funded  by  a  separate  DOD  award,  and  this  is 
where  we  leveraged  the  DOD  funded  support  to  make  the  best  of  both  funding  sources),  we  concluded  that 
0.05  T  platform  has  a  number  of  issues.  One  issue  is  the  relatively  low  magnetic  field,  which  could  present  a 
challenge  for  anatomical  imaging  (which  we  gather  (after  consultations  with  doctors  and  the  end  users)  would 
be  highly  desirable).  As  a  result,  we  focused  some  of  our  efforts  at  identifying  the  high  possible  field  that  would 
support  the  long-lived  spin  states  of  HP  propane.  According  to  our  predictions,  the  long-lived  spin  state  should 
be  present  at  fields  as  high  as  ~0.4  T  as  (5a-5b)  ~  Jab  @  0.4  T,  where  (§a-§b)  is  the  difference  of  chemical  shifts 
between  methyl  (spin  A)  and  methylene  (spin  B)  protons  at  a  given  field  in  the  scale  of  Hertz,  and  JA b  is  the 
spin-spin  coupling  between  methyl  (spin  A)  and  methylene  (spin  B)  protons.  This  theoretical  premise  was 
tested  experimentally.  Figure  14  shows  a  diagram  of  Ti  values  of  HP  propane,  which  shows  that  the  gas  is 
indeed  long  lived  up  to  0.37  T  field  (the  highest  field  we  could  create  conveniently  using  permanent  magnets). 

As  result  of  these  preliminary  tests,  we  concluded  that  MRI  magnets  as  high  as  0.35  T  can  be  employed. 
Several  vendors  make/can  make  clinical  systems  of  with  such  characteristics.  We  contacted  three  vendors. 
Only  two  vendors  were  interested  in  working  on/supplying  the  proton-based  MRI  system.  Only  one  vendor 
agreed  to  supply  /  co-develop  1H/129Xe  MRI  system,  which  is  the  goal  of  this  project.  This  supplier  (Time- 
Medical)  already  manufactures  proton  based  MRI  system,  which  is  FDA  approved  in  the  USA.  This  scanner 
will  have  a  huge  benefit  in  terms  of  the  potential  clinical  translation  of  propane  MRI  scan  as  the  hardware  is 
already  FDA  approved.  Once  the  HP  agent  is  approved,  the  entire  scan  can  be  easily  translated  to  clinic.  We 
are  now  working  with  the  vendor  on  the  logistics  of  the  129Xe  hardware/software  frame.  They  can  deliver  the  1H 
system  in  2-3  months,  which  is  the  major  strength.  Moreover,  we  would  be  able  to  take  advantage  of  all 
imaging  sequences  developed  by  the  vendor. 

This  vendor  also  agreed  to  develop  the  129Xe  hardware/software.  We  are  now  in  discussion  with  the 
vendor.  We  expect  to  contact  the  PO  of  this  award  during  Year  3  to  approve  the  change  of  the  budget  to 
support  the  purchase  of  this  instrument.  We  note  that  it  will  significantly  and  positively  impact  the  future  clinical 
translation  of  both  HP  propane  and  129Xe  imaging  modality,  because  no  streamlined  solution  exists  to  perform 
129Xe  and  anatomical  imaging.  The  ongoing  and  future  work  will  represent  a  major  technology  breakthrough 
in  the  field  of  pulmonary  imaging. 


11 


12 


Figure  14.  The  exponential  decay  time  constants  of  HP  propane  gas  prepared  by  pairwise  addition  of 
parahydrogen  to  propene  substrate  at  the  Earth’s  magnetic  field.  Note  that  gas  is  long-lived  at  magnetic  field 
as  high  as  0.37  T.  The  gas  is  no  longer  long  lived  at  9.4  T.  The  decay  constant  is  significantly  reduced.  Note 
these  data  are  preliminary  and  not  published  yet. 

Moreover,  the  use  of  the  higher  field  instrument  (vs.  0.05  T)  offers  additional  advantages  in  the  context  of  MRI 
imaging  of  HP  propane  gas.  See  the  corresponding  discussion  below. 

Task  3.2.  Low-field  MRI  system  construction  by  Vendors 

See  the  discussion  above  for  the  Task  3.1 . 

Task  3.3.  Low-field  MR  system  installation  and  fine-tuning  at  site  (Vanderbilt) 

The  performance  of  this  task  is  delayed. 

Task  3.4.  RF  coils  (129Xe  and  ^H)  construction  for  pulmonary  imaging 

Based  on  the  discussions  with  the  equipment  vendor  (Time-Medical),  all  RF  coils  will  be  made  by  the  vendor. 
We  will  be  filing  the  request  for  change  in  the  budget  (while  keeping  the  overall  numbers  the  same)  in  the  first 
half  of  Year  3  of  the  project. 

Task  3.5.  Pulse-sequence  development  and  installation 

While  naturally,  we  will  be  using  primarily  the  imaging  sequences  provided  by  the  MRI  system  vendor,  we  note 
that  since  some  tasks  of  Aim  3  were  delayed,  the  Vanderbilt  team  focused  on  the  sequence  aspects  of  HP 
propane  imaging  using  already  available  low-field  MRI  equipment.  We  have  used  the  installed  0.05  T  MRI 
scanner,  and  have  studied  (experimentally  and  theoretically)  the  process  of  singlet  state  conversion  of  long- 
lived  propane  into  observable  magnetization.  We  note  that  this  work  was  not  possible  before  due  to 
unavailability  of  sufficiently  high  B0  homogeneity  MRI  magnet.  The  results  were  published  in  a  paper  #8 
(Barskiy,  D.  A.;  Salnikov,  O.  G.;  Romanov,  A.  S.;  Feldman,  M.  A.;  Coffey,  A.  M.;  Kovtunov,  K.  V.; 

Koptyug,  I.  V.;  Chekmenev,  E.  Y.  NMR  Spin-Lock  Induced  Crossing  (SLIC)  Dispersion  and  Long-Lived 
Spin  States  of  Gaseous  Propane  at  Low  Magnetic  Field  (0.05  T).  Journal  of  Magnetic  Resonance  2017, 

276,  78-85).  The  figure  2e  of  this  paper  clearly  shows  a  very  good  agreement  between  the  experiment  and  the 
theory.  We  note  that  this  demonstration  allows  us  for  careful  planning  of  the  MRI  sequences,  where  the 
excitation  RF  pulse  is  a  partial  SLIC  pulse  (the  corresponding  experiments  are  in  progress  for  Year  3  work).  As 
a  result,  it  would  be  possible  to  extract  a  fraction  of  magnetization  and  use  it  for  one  like  of  k-space  sampling  of 
the  imaging.  The  process  is  then  repeated.  This  strategy  would  simplify  the  RF  pulse  sequences  for  propane 
imaging  a  great  deal,  because  conventional  gradient  echo  imaging  can  be  employed,  where  a  strong  RF 
excitation  pulse  is  replaced  by  a  weak  (ca.  22  Hz  or  15  Hz,  see  Figure  2e  of  that  paper  discussed  above)  RF 
pulse  is  all  that  is  needed  for  excitation  of  the  spin  system.  From  the  perspective  of  pulse  sequence 
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acceleration,  we  have  performed  a  theoretical  study  (see  Supporting  Information  of  the  paper  available  at  the 
publisher’s  web  site)  of  the  optimal  duration  of  the  SLIC  pulse  as  a  function  of  the  field  (Figure  1 5). 


a  b 


Figure  15.  Simulation  of  1H  NMR  signal  dependence  for  the  8-spin  system  of  propane  on  SLIC  pulse  time 
(SLIC  duration)  at  various  static  magnetic  fields  at  zero  RF  pulse  offset  and  B^  of  22.2  Hz.  Note  that  relaxation 
effects  were  not  included  into  simulation.  The  picture  is  reproduced  from  supporting  information  file  of  Barskiy, 
D.  A.;  Salnikov,  O.  G.;  Romanov,  A.  S.;  Feldman,  M.  A.;  Coffey,  A.  M.;  Kovtunov,  K.  V.;  Koptyug,  I.  V.; 
Chekmenev,  E.  Y.  J.  Magn.  Reson.  2017,  276,  78. 

Figure  15  clearly  shows  the  advantage  of  using  higher  (than  0.05  T  originally  proposed)  magnetic  field.  For 
example,  the  optimal  SLIC  duration  at  0. 3-0.4  T  (our  target  with  vendor)  is  ca.  60  ms  vs.  ca.  500  ms  at  0.05T. 
Since  we  plan  on  using  a  partial  SLIC  pulse  (i.e.  -1/30  of  the  optimal  duration),  it  will  be  possible  to  excite  the 
spin  system  in  less  than  2  ms.  When  the  readout  and  gradient  encoding  are  added,  we  expect  to  spend  only  5 
ms  of  time  for  each  line  of  k-space  at  0.35  T.  As  a  result,  it  would  be  possible  to  record  1000  lines  of  k-space 
(sufficient  for  high  quality  3D  image,  e.g.  8  slices  with  128x128  matrix)  in  5  seconds  or  a  single  patient  breath- 
hold. 

Second,  Figure  15  also  shows  that  the  SLIC  transformation  efficiency  is  nearly  doubled  at  0.3-0.4T  compared 
to  that  at  0.05  T  (peak  height).  As  a  result,  detection  at  0.35  T  would  double  the  effective  MRI  signal,  which  is  a 
clear  practical  advantage  of  performing  imaging  at  0.35  T  vs.  0.05  T. 

We  have  also  studied  the  SLIC  transformation  of  singlet  state  magnetization  in  a  range  of  other  compounds. 
The  corresponding  work  is  published  in  Paper  #1  (Barskiy,  D.  A.;  Salnikov,  O.  G.;  Shchepin,  R.  V.;  Feldman, 
M.  A.;  Coffey,  A.  M.;  Kovtunov,  K.  V.;  Koptyug,  I.  V.;  Chekmenev,  E.  Y.  NMR  SLIC  Sensing  of  Hydrogenation 
Reactions  Using  Parahydrogen  in  Low  Magnetic  Fields.  J.  Phys.  Chem.  C  2016,  120,  29098-29106).  This  work 
demonstrates  the  overall  broad  applicability  of  this  approach,  which  goes  well  beyond  HP  propane  gas. 

What  opportunities  for  training  and  professional  development  has  the  project  provided? 

This  project  provided  numerous  opportunities  and  enabled  a  great  deal  of  career  development. 

1)  Prof.  Chekmenev  received  a  very  prestigious  honor.  He  was  named  a  Distinguished  Investigator  for 
accomplishments  in  the  field  of  medical  imaging  from  the  Academy  for  Radiology  &  Biomedical  Imaging 
Research. 

2)  A  participating  post-doctoral  fellow,  Dr.  Panayiotis  Nikolaou  started  his  part-time  position  as  a  CEO  of  the 
start-up  company  XeUS  Technologies,  LTD.  He  will  be  100%  at  the  company  after  his  planned  departure 
at  the  end  of  2017. 

3)  One  of  the  Pis  of  this  partnering  PI  award  received  an  unrestricted  funding  in  the  form  of  a  gift  from 
ExxonMobil  Research  and  Engineering  Company:  $25,000.  This  is  the  second  gift  from  this  company  to 
support  our  research. 
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4)  This  project  enabled  research  activity  for  numerous  visiting  scholars  from  collaborating  labs  (see  the  list  of 
involved  personnel)  from  SIUC.  Trainees  from  each  US  site  routinely  visit  the  other  site  to  perform 
experiments  and  work  together  in  highly  interdisciplinary  environments;  trainees  also  got  the  opportunity  to 
work  with  (and  learn  from)  visiting  Russian  collaborators. 

5)  Most  trainees  working  on  this  project  had  an  opportunity  to  attend  at  least  one  National  or  International 
Conference  to  publicize  the  work  performed  and  also  for  their  exposure  to  biomedical  science.  Dr.  Aaron 
Coffey  also  additionally  attended  ISMRM  conference  in  Hawaii  in  Spring  2017. 

How  were  the  results  disseminated  to  communities  of  interest? 

Yes.  Several  scientific  conferences/meetings. 

4.  IMPACT 

What  was  the  impact  on  the  development  of  the  principal  discipline(s)  of  the  project? 

Nothing  to  Report. 

What  was  the  impact  on  other  disciplines? 

Nothing  to  Report. 

What  was  the  impact  on  technology  transfer? 

There  were  two  key  areas  of  impact  on  the  technology  transfer: 

1 )  The  Vanderbilt  team  has  filed  a  provisional  application  for  detecting  sulfur  containing  compounds  using 
NMR  hyperpolarization;  this  technology  may  take  advantage  of  non-hydrogenative  HET-PHIP  catalysis 
in  the  future.  The  utility  application  was  filed  during  Year  2  of  this  project. 

2)  More  importantly,  we  provided  the  disclosure  regarding  the  development  of  129Xe  hyperpolarizers  (for 
all  three  generations  including  the  one  funded  by  this  award)  to  both  SIUC  and  Vanderbilt  University. 
Based  on  our  preliminary  discussions  with  the  tech  transfer  office  at  Vanderbilt,  VU  (and  most  likely 
SIUC)  will  not  file  for  patent  protection  for  this  technology.  Instead,  during  Year  2  of  the  project,  Dr. 
Chekmenev  and  his  team  received  the  ownership  of  the  know-how  (subject  to  the  DOD  regulations  and 
approval).  This  tech  transfer  arrangement  eventually  allows  a  post-doctoral  trainee  of  this  project,  Dr. 
Nikolaou,  to  lead  the  commercialization  effort  for  this  technology  in  XeUS  Technologies  LTD  in  Europe. 
The  appeal  of  the  low-cost  and  high-throughput  was  a  key  element  proposed  for  this  project,  which  we 
believe  will  be  of  significant  benefit  to  the  patients  suffering  from  the  lung  disease  once  the  technology 
is  commercialized  and  once  it  is  eventually  available  to  the  end  users.  The  first  device  (from  XeUS 
Technologies  LTD)  has  already  been  pre-ordered  -  a  true  testament  to  our  commitment  for  eventual 
technology  transfer  and  commercialization  of  the  work  performed  under  this  project. 

What  was  the  impact  on  society  beyond  science  and  technology? 

Nothing  to  Report. 

5.  CHANGES  /  PROBLEMS 

1)  As  described  above  we  did  not  use  the  first  prototype  of  full  metal  optical  pumping  cell  for  129Xe 
hyperpolarizer  due  to  sub-par  performance  (but  we  discuss  the  work  performed  in  this  direction  in  the  sections 
above).  Instead,  we  developed  an  alternative  solution,  which  we  have  demonstrated  to  work. 

2)  We  have  also  experienced  some  technical  issues  with  the  high-power  laser  diode  array  (as  discussed 
above).  We  will  be  resolving  these  issues  with  the  equipment  vendor  during  Year  3  of  the  project. 

6.  PRODUCTS 
Oral  Presentations 
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2.  Chekmenev,  E.  Y.  SABRE  and  PHIP  hyperpolarization  of  contrast  agents  for  molecular  imaging,  25th 
International  Society  for  Magnetic  Resonance  in  Medicine  (ISMRM)  Conference,  April  24;  Honolulu,  HI, 
2017. 
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4)  Barskiy,  D.  A.;  Coffey,  A.  M.;  Nikolaou,  P.;  Mikhaylov,  D.  M.;  Goodson,  B.  M.;  Branca,  R.  T.;  Lu,  G.  J.; 
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date  Nov.  30,  2015.  Publication  date  Jun.  1 , 2017. 
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7.  PARTICIPANTS  &  OTHER  COLLABORATING  ORGANIZATIONS 


Individuals  worked  on  the  project 

The  following  personnel  worked  on  the  project 


Name: 

Eduard  Chekmenev 

Project  Role: 

Initiating  PI  (Vanderbilt) 

Researcher  Identifier  (ORCID  ID): 

orcid.org/0000-0002-8745-8801 

Nearest  person  month  worked: 

3 

Contribution  to  Project: 

Dr.  Chekmenev  was  responsible  for  the 
overall  progress  of  the  project,  performing 
some  experiments  with  hyperpolarized 
propane  and  hyperpolarized  xenon-129, 
developing  RF  coils,  analyzing  some  of  the 
data  for  the  above-mentioned  experiments, 
preparing  the  manuscripts. 

Funding  Support: 

DOD  W81XWH-12-1-0159/BC1 12431; 

NSF  CHE-1416268; 

NIH  1 R21 EB018014; 

NIH  1 R21 EB020323; 

ExxonMobil  Knowledge  Build  Award; 

NIH  1 U01CA202229 

Name: 

Matthew  S.  Rosen 

Project  Role: 

Consultant 

Researcher  Identifier  (e.g.  ORCID  ID): 

Nearest  person  month  worked: 

1 

Contribution  to  Project: 

Prof.  Rosen  served  as  a  consultant  for  RF 
pulse  sequence  design  for  TecMag  MRI 
platform  and  on  instrumentation  for 
hyperpolarized  Xe-129  production.  He  also 
actively  participated  in  preparation  of  peer- 
reviewed  manuscript. 

Funding  Support: 

NIH  R01-EB018976 

NIH  R21NS087344 

Name: 

Aaron  M.  Coffey 

Project  Role: 

Postdoctoral  Fellow 

Researcher  Identifier  (e.g.  ORCID  ID): 

Nearest  person  month  worked: 

1 

Contribution  to  Project: 

Dr.  Coffey  participated  in  the  design  of 

1 29 

Xe  hyperpolarizer  and  assisted  with 
hyperpolarized  propane  experiments. 
Developed  full  metal  optical  pumping 
prototype,  and  RF  coil  prototypes.  He  also 
designed  compensated  electromagnet. 

Funding  Support: 

NIH  1 F32EB021840 

Name: 

Panayiotis  Nikolaou 

Project  Role: 

Postdoctoral  Fellow 

Researcher  Identifier  (e.g.  ORCID  ID): 

Nearest  person  month  worked: 

6 

Contribution  to  Project: 

Dr.  Nikolaou  led  the  design  of  ^yXe 
hyperpolarizer.  Developed  optical  pumping 
aluminum  jacket  prototype,  made  most  of 

3D  drawings  in  the  CAD  software,  placed 
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most  orders,  and  built  RF  coil  & 
electromagnet  prototypes.  Fie  also 
constructed  prototype  propane  polarizer. 

Funding  Support: 

DOD  W81XWH-12-1-0159/BC1 12431 

Name: 

Roman  V.  Shchepin 

Project  Role: 

Research  Assistant  Professor 

Researcher  Identifier  (e.g.  ORCID  ID): 

Nearest  person  month  worked: 

1 

Contribution  to  Project: 

Dr.  Shchepin  helped  with  propane 
hyperpolarization  experiments,  equipment 
installation.  Fie  was  also  involved  in  some 
aspects  of  testing  heterogeneous  catalysts 
for  PFH 1 P  hyperpolarization. 

Funding  Support: 

DOD  W81XWH-12-1-0159/BC1 12431; 

NIH  1 R21 EB018014; 

NIH  1 R21 EB020323; 

NIH  1 U01CA202229 

Name: 

Danila  A.  Barskiy 

Project  Role: 

Postdoctoral  Fellow 

Researcher  Identifier  (e.g.  ORCID  ID): 

orcid.org/0000-0002-281 9-7584 

Nearest  person  month  worked: 

3 

Contribution  to  Project: 

Dr.  Barskiy  performed  propane 
hyperpolarization  experiments,  built  some 

RF  coils.  He  was  also  tested 
heterogeneous  catalysts  for  PHIP 
hyperpolarization. 

Funding  Support: 

DOD  W81XWH-12-1-0159/BC1 12431 

Name: 

Boyd  M.  Goodson 

Project  Role: 

Partnering  PI  (SIUC) 

Researcher  Identifier  (ORCID  ID): 

orcid.org/0000-0001  -6079-5077 

Nearest  person  month  worked: 

2 

Contribution  to  Project: 

Prof.  Goodson  was  responsible  for  the 
overall  progress  of  the  project  at  the 
partnering  site,  performing  some 
experiments  with  hyperpolarized  xenon- 
129  and  xenon-131,  alternate  cells 
designs,  gas  mixtures,  etc.,  analyzing 
some  of  the  data  for  the  above-mentioned 
experiments,  preparing  manuscripts  and 
presentations. 

Funding  Support: 

SIUC 

DOD  PRMRP  W81XWH-1 5-1 -0272 
NSF-CHE-1416432 

NSF-DMR-1461255 

NIH-1 R21 EB018014 

NIH-1 R21 EB020323 

Name: 

Michael  Molway 

Project  Role: 

MS  student 

Researcher  Identifier  (ORCID  ID): 

Nearest  person  month  worked: 

6 

Contribution  to  Project: 

Michael  Molway  worked  on  many  of  the 
experiments  concerning  hyperpolarized 
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xenon-129  and  xenon-131,  alternate  cells 
designs,  gas  mixtures,  etc.,  analyzing 
some  of  the  data  for  the  above-mentioned 
experiments,  and  helping  to  prepare 
manuscripts  and  presentations 

Funding  Support: 

DOD  PRMRP  W81XWH-1 5-1 -0272 

Name: 

Bryce  Kidd 

Project  Role: 

Postdoctoral  fellow 

Researcher  Identifier  (ORCID  ID): 

Nearest  person  month  worked: 

3 

Contribution  to  Project: 

Dr.  Kidd  worked  on  many  of  the 
experiments  concerning  hyperpolarized 
xenon-129  and  xenon-131,  ODESR, 
alternate  cells  designs,  gas  mixtures,  etc., 
as  well  as  experiments  involving  high- 
power  lasers,  MR  detection,  etc.  Fie  also 
works  with  the  Vanderbilt  group  with  the 
clinical-scale  polarizers.  Fie  also  analyzed 
some  of  the  data  for  the  above-mentioned 
experiments,  and  helping  to  prepare 
manuscripts  and  presentations. 

Funding  Support: 

NSF-CHE-1416432 

DOD  PRMRP  W81XWH-1 5-1 -0272 

NIH-1 R21 EB018014,  NIH-1 R21 EB020323 

Name: 

Megan  Murphy 

Project  Role: 

Undergraduate  student  researcher 

Researcher  Identifier  (ORCID  ID): 

Nearest  person  month  worked: 

3 

Contribution  to  Project: 

Ms.  Murphy  participated  in  most  of  (and 
now  leads  some  of)  the  experiments 
concerning  hyperpolarized  xenon-129  and 
xenon-131,  alternate  cells  designs 
(including  metal  cells),  gas  mixtures,  etc., 
analyzing  some  of  the  data  for  the  above- 
mentioned  experiments,  and  helping  to 
prepare  manuscripts  and  presentations. 

Funding  Support: 

DOD  PRMRP  W81XWH-1 5-1 -0272 

Name: 

Justin  Porter 

Project  Role: 

Undergraduate  student  researcher 

Researcher  Identifier  (ORCID  ID): 

Nearest  person  month  worked: 

4 

Contribution  to  Project: 

Mr.  Porter  participated  in  some  of  the 
experiments  concerning  hyperpolarized 
xenon-129  and  xenon-131,  ODESR, 
alternate  cells  designs,  gas  mixtures,  etc., 
analyzing  some  of  the  data  for  the  above- 
mentioned  experiments,  and  helping  to 
prepare  manuscripts  and  presentations. 

Funding  Support: 

DOD  PRMRP  W81XWH-1 5-1 -0272 

Name: 

Dustin  Basler 

Project  Role: 

Undergraduate  student  researcher 

Researcher  Identifier  (ORCID  ID): 
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Nearest  person  month  worked: 

2 

Contribution  to  Project: 

Mr.  Basler  is  now  an  intermediate-level 
undergraduate  researcher.  He  participates 
in  experiments  investigating  ODESR  and 
129Xe  and  131Xe  SEOP  with  high-power 
lasers. 

Funding  Support: 

NIH/SIUC  “Bridges  to  the  Baccalaureate” 
Program;  AF  ROTC 

DOD  PRMRP  W81XWH-1 5-1 -0272 

Name: 

Max  Gemeinhardt 

Project  Role: 

PhD  chemistry  graduate  student 

Researcher  Identifier  (ORCID  ID): 

Nearest  person  month  worked: 

1 

Contribution  to  Project: 

Mr.  Gemeinhardt  assisted  with  some  high- 
field  129Xe  NMR  experiments  involving  the 
testing  of  alternate  cell  designs  (e.g.  metal 
cells). 

Funding  Support: 

SIUC /NMR  Facility 

Has  there  been  a  change  in  the  active  other  support  of  the  PD/PI(s)  or  senior/key  personnel  since  the 
last  reporting  period? 

One  grant  has  been  received  at  the  very  end  of  the  period  2  of  funding  (retroactively  started  at 
09/01/2017).  Provided  below  is  the  detailed  information: 

1.  NIH/NCI  1  R21  CA220137-01  (PI)  09/01/2017-08/31/2020 

$384,500  (USA  Component) 

>$300,000  (Russian  Component,  co-PI:  Prof.  Igor  V.  Koptyug) 

“Magnetic  Resonance  Spectroscopy  and  Molecular  Imaging  of  Metabolic  Pathways  in  Cancer J’ 

This  proposal  focuses  on  the  development  of  hyperpolarized  13C  pyruvate  using  parahydrogen-based 
hyperpolarization  technique  for  molecular  imaging  of  elevated  lactate  metabolism,  which  is  a  universal 
hallmark  of  many  cancers.  This  U.S. -Russia  bilateral  collaborative  research  partnership  will  allow  bringing 
resources  and  expertise  not  otherwise  fully  available  on  either  Russian  or  US  side  to  develop  this  contrast 
agent,  tools  for  its  preparation  (i.e.  hyperpolarization  methods  and  hardware)  and  validate  it  in  cellular  and 
rodent  models  of  cancer.  If  this  project  is  successful,  it  will  enable  fast  (in  1  min),  scalable  (ranging  from  milli¬ 
gram  to  gram  quantity)  inexpensive  (hyperpolarization  hardware  and  13C-enriched  compound)  contrast  agent 
production  for  molecular  imaging  of  elevated  lactate  metabolism  to  monitor  response  to  treatment  and  cancer 
screening  in  high-risk  populations. 

What  other  organizations  were  involved  as  partners? 

In  addition  to  the  two  performing  sites  (and  consultant  listed  on  the  original  application),  we  have, 
collaborating  scientists  engaged  in  this  project  for  Aim  2. 

Organization  Name:  International  Tomography  Center 

Location  of  Organization:  Novosibirsk,  Russia 

Partner's  contribution  to  the  project: 

In-kind  support:  Our  collaborators  provided  catalyst  materials  for  propane  hyperpolarizer  development 
work  as  well  as  for  the  final  polarizer  design; 

Collaboration:  The  Partners’  staff  work  with  project  staff  on  the  project,  we  planned  for  two-month  visit 
with  two  collaborators  visiting  us  at  Vanderbilt  site  in  the  fall  of  2017.  We  will  perform  collaborative 
experiments,  analyzed  the  data,  and  prepared  manuscripts  for  peer-reviewed  publications. 

Personnel  exchanges: 

1)  See  above. 

2)  Approximately  8  visits  have  been  made  between  VUMC  and  SIUC  sites  for  the  collaborative  research 
activities  on  both  sites.  The  total  duration  of  those  visits  was  approximately  1  month. 
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8.  SPECIAL  REPORTING  REQUIREMENTS 
Collaborative  Award 

Since  this  is  a  collaborative  award  with  two  partnering  Pis,  we  note  that  we  are  submitting  a  duplicating 
report  for  two  partnering  PI  awards  of  the  same  project:  W81XWH-1 5-1 -0271  and  W81XWH-15-1-0272.  The 
responsibility  of  each  PI  is  clearly  marked  in  the  Appendix  1. 


22 


9.  APPENDICES 


Appendix  1:  Original  Statement  of  work,  Years  1-3 

STATEMENT  OF  WORK  -  10/10/2014 
PROPOSED  START  DATE  September  l,  2015 


Site  1: 

Vanderbilt 

University 

Site  2:  Southern  Illinois 
University 

1161  21st  Ave 
South  MCN  AA- 
1105 

Nashville,  TN 
37232-2310 

900  SOUTH 
NORMAL 
AVENUE 
CARBONDALE, 
IL  62901 

PI:  Chekmenev 

Partnering  PI: 
Goodson 

Specific  Aim  1 

Timeline 

Site  1  (Vanderbilt) 

Site  2  (SIU) 

Develop  and  construct 
a  fully  automated 
high-pressure  low-cost 
stand-alone  129Xe 
hyperpolarizer 

Months 

1.1.  Design 

1-5 

80% 

20% 

1.2.  Prototyping 

6-10 

75% 

25% 

1.3.  Prototype 
construction  and 
testing 

11-15 

90% 

10% 

Milestone  Achieved 

Prototype  129Xe 
polarizer  constructed 

1.4.  Final  Design 

16-20 

80% 

20% 

1.5.  Final 

Construction 

21-24 

90% 

10% 

1.6.  Final  Testing 

25-30 

75% 

25% 

1.7.  Polarizer 
Integration  with  MRI 
scanner 

31-34 

90% 

10% 

Milestone  Achieved 

Final  129Xe  polarizer 
constructed 

1.8.  Replica  Polarizer 
Construction  and 
Testing 

31-36 

50% 

50% 

Milestone  Achieved 

Replica  129Xe  polarizer 
constructed 
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Specific  Aim  2 

Develop  a  large-scale 
hyperpolarization 
method  for  HP 
propane 

Timeline 

Site  1  (Vanderbilt) 

Site  2  (SIU) 

2.1.  Chemistry  of 
Large  Scale  PHIP  of 
propane 

1-6 

75% 

25% 

Milestone  Achieved: 

Clinical  Scale 
Production  of  HP 
Propane  is  developed 

2.2.  Initial  Polarizer 
Design 

7-12 

100% 

0% 

2.3.  Polarizer 
Prototyping 

13-18 

100% 

0% 

Milestone  Achieved: 

Prototype  Polarizer 
Constructed 

2.4.  Prototype 
Optimization 

19-24 

100% 

0% 

2.5.  Final  Polarizer 
Construction 

25-30 

100% 

0% 

2.6.  Final  Polarizer 
Testing  and 
Integration  with  low- 
field  MRI  system 

31-36 

75% 

25% 

Milestone(s) 

Achieved: 

Final  Propane  Polarizer 
Constructed 

Specific  Aim  3 

Timeline 

Site  1  (Vanderbilt) 

Site  2  (SIU) 

Develop  and  construct 
a  0.05  T  MRI  scanner 

Months 

3.1.  Design  low-field 
MRI  system  with 
commercial  vendors 

1-6 

50% 

50% 

3.2.  Low-field  MRI 
system  construction 
by  Vendors 

7-12 

50% 

50% 

3.3.  Low-field  MRI 
system  installation 
and  fine-tuning  at  site 
1  (Vanderbilt) 

13-18 

100% 

0% 
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Milestone  Achieved: 

Clinical  low-field  MRI 
system  for  high- 
throughout  pulmonary 
imaging  is  installed 

3.4.  RF  coils  (129Xe 
and  *H)  construction 
for  pulmonary 
imaging 

19-24 

100% 

0% 

3.5.  Pulse-sequence 
development  and 
installation 

25-30 

50% 

50% 

Milestone  Achieved: 

Low-field  MRI  system 
is  ready  for  use  with 
contrast  agents 

3.6.  MRI  system 
integration  with 
Propane 
Hyperpolarizer 

31-36 

100% 

0% 

3.7.  MRI  system 
integration  with 
Propane 
Hyperpolarizer 

31-34 

90% 

10% 

3.8.  Demonstration  of 
high-speed  MRI  and 
high-speed  contrast 
agent  production/ 
imaging  scan 

35-36 

90% 

10% 

Milestones  Achieved: 

Functional  high-speed 
MRI  of  hyperpolarized 
propane  and  129Xe; 
System  ready  for 
clinical  trial. 
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Appendix  2:  Reports  of  characterization  of  new  high-power  laser  diode  array  (LDA)  and 
Abstracts  Presented  and  Manuscripts  Published  and  Accepted 

14  manuscripts  are  reported:  all  are  peer-reviewed  manuscripts  or  peer-reviewed  book  chapters. 

3  scientific  conference/meeting  presentations  are  reported. 

Their  non-confidential  summaries  are  provided. 

PDF  files  of  these  materials  are  provided  below  in  the  Appendix  2. 

1  provisional  patent  application  has  been  filed. 

The  laser  reports  are  prepared  as  a  part  of  our  standard  practices.  When  we  receive  this  state  of  the  art 
equipment  from  the  vendors,  we  perform  in-house  quality  assurance.  The  laser  report  are  provided  in  the 
Appendix  2. 
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ABSTRACT:  Parahydrogen-induced  polarization  (PHIP)  is 
an  NMR  hyperpolarization  technique  that  increases  nuclear 
spin  polarization  by  orders  of  magnitude,  and  it  is  particularly 
well-suited  to  study  hydrogenation  reactions.  However,  the  use 
of  high-field  NMR  spectroscopy  is  not  always  possible, 
especially  in  the  context  of  potential  industrial-scale  reactor 
applications.  On  the  other  hand,  the  direct  low-field  NMR 
detection  of  reaction  products  with  enhanced  nuclear  spin 
polarization  is  challenging  due  to  near  complete  signal 
cancellation  from  nascent  parahydrogen  protons.  We  show 
that  hydrogenation  products  prepared  by  PHIP  can  be 
irradiated  with  weak  (on  the  order  of  spin— spin  couplings  of 
a  few  hertz)  alternating  magnetic  field  (called  Spin-Lock 
Induced  Crossing  or  SLIC)  and  consequently  efficiently  detected  at  low  magnetic  field  (e.g.,  0.05  T  used  here)  using  examples  of 
several  types  of  organic  molecules  containing  a  vinyl  moiety.  The  detected  hyperpolarized  signals  from  several  reaction  products 
at  tens  of  millimolar  concentrations  were  enhanced  by  10000-fold,  producing  NMR  signals  an  order  of  magnitude  greater  than 
the  background  signal  from  protonated  solvents. 


■  INTRODUCTION 

Nuclear  magnetic  resonance  (NMR)  spectroscopy  is  a  powerful 
analytical  tool  used  for  a  broad  range  of  applications.1  One  of 
the  main  limitations  of  NMR  is  low  detection  sensitivity 
dictated  by  the  weak  interaction  energy  of  nuclear  spins  with 
the  static  magnetic  field  B0.4  (  Hence,  methods  for  increasing 
the  sensitivity  of  NMR  detection  are  welcome  because  they 
decrease  the  detection  limit  and  acquisition  time.  Nuclear  spin 
hyperpolarization  techniques  such  as  dissolution  dynamic 
nuclear  polarization  (d-DNP),6  spin  exchange  optical  pumping 
(SEOP)  of  noble  ^ases,7’6  and  parahydrogen-induced  polar¬ 
ization  (PHIP)  '  1  can  temporarily  increase  nuclear  spin 

polarization  (P)  by  several  orders  of  magnitude  (>10000  at 
high  magnetic  fields6  and  hundreds  of  millions  at  low  fields1") 
and  thus  have  become  very  popular  in  the  past  decade.1'14 
Motivated  by  biomedical  applications,  d-DNP  and  SEOP  have 
been  introduced  into  the  clinical  research  realm  to  probe 
metabolism,  function,  response  to  treatment,  etc.1'’16  1 

Recent  PHIP  innovations  have  demonstrated  relatively 
inexpensive  chemistries  for  production  of  contrast  agents16'16 
and  use  of  aqueous  media"6  and  heterogeneous  catalysts,10’"1 
making  PHIP  a  promising  means  for  generating  new  classes  of 
hyperpolarized  (HP)  molecular  contrast  agents  for  in  vivo 

-■y  ACS  Publications  ©  2016  American  Chemical  Society  29098 


applications.""  PHIP  offers  a  number  of  advantages  compared 
to  d-DNP  and  SEOP,  that  is,  (i)  very  fast  (<1  min) 
hyperpolarization  production  speed,  (ii)  low  cost,  and  (iii) 
straightforward  scalability.  In  addition,  PHIP  naturally  employs 
hydrogenation  reactions  and  therefore  can  find  promising 
applications  beyond  biomedicine.  For  example,  it  could  be  a 
useful  modality  for  in  situ  detection  and  imaging  of  industrial- 
scale  hydrogenation  and  hydrogen-involving  reactions,"  '" 

which  represent  a  significant  fraction  of  all  industrial  chemical 
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processes. 

In  principle,  while  the  PHIP  hyperpolarization  technique  is 
inexpensive  and  high-throughput,  high-resolution  NMR  spec¬ 
troscopic  detection  is  most  often  conducted  at  high  fields  using 
expensive  superconducting  magnets,  which  additionally  have 
significant  limitations  of  small  sample  size.  Therefore,  despite 
the  low-cost  nature  of  the  PHIP  hyperpolarization  process,  the 
high-field  detection  renders  the  entire  analysis  process  generally 
expensive  and  limited  to  small  samples — counter  to  the  goals  of 
industrial-scale  applications."  Alternatively,  cheap  low-field 
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magnets  can  be  efficiently  used  for  PHIP  signal  detection 
because  detection  sensitivity  for  HP  states  has  a  very  weak 
(B01/4)  magnetic  field  dependence.”  '  "  Moreover,  low-field 
detection  offers  other  advantages:  (i)  reduced  B0  susceptibility 
gradients,  and  (ii)  the  possibility  of  construction  of  relatively 
low-cost  large  homogeneous  magnets  that,  in  principle,  can 
encompass  large  chemical  reactors.”4'  ’1  34 

However,  the  direct  NMR  detection  of  PHIP  hyper¬ 
polarization  in  low  magnetic  fields  is  fundamentally  challenging. 
Indeed,  even  if  the  magnetic  equivalence  of  the  parahydrogen 
(p- H2)  singlet  state  is  broken  during  the  hydrogenation 
reaction,  two  p-H2-nascent  spins  will  still  reside  in  the  non¬ 
observable  pseudo-singlet  state35'36  at  low  magnetic  field 
(Figure  la).  In  practice,  this  results  in  the  collapse  of  the 


Figure  1.  (a)  Molecular  diagram  of  unsaturated  precursor  hydro¬ 
genation  by  p-H2,  leading  to  the  hydrogenated  product  with  p-H2- 
nascent  protons  residing  in  the  pseudo-singlet  state;35  then,  pseudo¬ 
singlet  state  is  converted  to  observable  magnetization  by  using  spin- 
lock  induced  crossing  (SLIC)  sequence,  (b)  Chemical  structures  of 
investigated  organic  molecules  containing  vinyl  moiety:  2-hydroxyethyl 
acrylate  (HEA),  vinyl  acetate  (VA),  2-vinylpyridine  (VPy),  and 
(vinyl)trimethylammonium  chloride  (VTMA). 


NMR  lines  because  the  difference  in  the  chemical  shift  of  the 
two  nascent  protons  is  too  small  with  respect  to  the  spin— spin 
coupling  (JHH)  and  also  with  respect  to  the  magnetic  field 
homogeneity.  As  a  result,  the  direct  detection  of  PHIP  products 
suffers  from  massive  (more  than  2  orders  of  magnitude)  signal 
cancellation. 

Here,  we  show  that  application  of  spin-lock  induced  crossing 
(SLIC)40  allows  for  direct  proton  readout  of  HP  products  at 
low  magnetic  field  (e.g.,  47.5  mT  used  here).  The  SLIC 
sequence  is  a  simple  low-power  radio  frequency  (RF)  pulse 
with  B;  strength  on  the  order  of  /HH.  Specifically,  more  than 
10000-fold  NMR  signal  enhancement  enabled  direct  :H  low- 
field  detection  of  80  mM  solutions  of  2-hydroxyethyl 
propionate,  ethyl  acetate,  2-ethylpyridine,  and  (ethyl)- 
trimethylammonium  chloride  hyperpolarized  via  PHIP  (Figure 
l).  The  presented  methodology  of  PHIP-enhanced  milli-Tesla 
NMR  with  SLIC  sensing  (vs  conventional  NMR  where  a  hard 
RF  pulse  is  applied  for  signal  detection)  can  be  used  for  fast 
screening  of  potential  HP  contrast  agents  by  PHIP  and 
potentially  without  expensive  high-field  NMR  instruments  and 
isotopic  labeling.  Moreover,  the  presented  methodology  may  be 
potentially  conveniently  applied  to  the  visualization  of 
industrial-scale  processes  in  situ. 

■  METHODS 

Preparation  of  Catalyst/Precursor  Solutions.  Methanol 
(80  mL)  was  placed  in  four  square  bottles  (431430,  Corning 
Life  Sciences,  NY,  LISA)  and  degassed  by  the  repetitive  (three 
times)  sequence:  argon  flushing,  closing  the  cap,  and  vortexing 


the  solution.  Rhodium  catalyst  [(bicyclo[2.2.l]hepta-2,5- 
diene)  [l,4-bis(diphenylphosphino)butane]rhodium(l)  tetra- 
fluoroborate,  0.40  mmol,  0.150  g,  5.00  mM  final  concentration] 
was  placed  in  each  bottle.  Vinyl  acetate  (6.40  mmol,  0.551  g, 
80.0  mM  final  concentration),  2-hydroxyethyl  acrylate  (6.40 
mmol,  0.742  g,  80.0  mM  final  concentration),  trimethyl(vinyl)- 
ammonium  chloride  (6.40  mmol,  1.06  g,  80.0  mM  final 
concentration),  and  2-vinylpyridine  (6.40  mmol,  0.672  g,  80.0 
mM  final  concentration)  were  added  to  individual  bottles. 
Water-soluble  rhodium  catalyst  was  prepared  as  described 
earlier.”  ’  Vinyl  acetate  (8.00  mmol,  0.688  g,  80.0  mM  final 
concentration)  and  2-hydroxyethyl  acrylate  (8.00  mmol,  0.928 
g,  80.0  mM  final  concentration)  were  dissolved  in  the  aqueous 
solution  of  rhodium  catalyst  (100  mL,  2.60  mM)  each. 
Trimethyl(vinyl)ammonium  chloride  (4.00  mmol,  0.664  g, 
80.0  mM  final  concentration)  and  2-vinylpyridine  (4.00  mmol, 
0.420  g,  80.0  mM  final  concentration)  were  dissolved  in 
aqueous  rhodium  catalyst  solution  (50  mL,  5.30  mM).  Each 
bottle  containing  the  catalyst/precursor  solutions  was  con¬ 
nected  to  an  automated  PHIP  polarizer41  for  further  experi¬ 
ments. 

Preparation  of  Parahydrogen  Gas.  For  parahydrogen  (p- 
H2)  preparation,  normal  hydrogen  was  passed  through  a  spiral 
copper  tube  packed  with  FeO(OH)  (Sigma-Aldrich,  P/N 
371254,  30—50  mesh)  and  immersed  into  a  liquid  N2  Dewar. 
This  procedure  produces  a  stream  of  hydrogen  enriched  with 
ca.  50%  para-isomer.10 

PHIP  Polarizer  and  Hydrogenation  Reaction.  A  fully 
automated  parahydrogen-based  polarizer  was  employed  for 
hydrogenation.  The  prepared  stock  solutions  containing 
catalyst  and  precursor  molecule  were  connected  to  the  heated 
injection  loop  of  the  polarizer.  Hydrogenation  of  the 
unsaturated  compounds  (Figure  lb)  was  conducted  in  a 
chemical  reactor  (~56  mL  volume)  of  the  polarizer  at  an  ~7.8 
atm  p-H,  pressure  by  injecting  the  warmed  solution  from  the 
injection  loop  and  spraying  it  into  the  atmosphere  of  hot  p-H2 
gas  using  the  back  pressure  (~17  atm)  of  N2  gas  (Figure  2a). 
Reactor  temperature  was  held  within  the  range  of  55—60  °C. 
After  a  variable  reaction  time,  tR  (Figure  2b),  2—2.5  mL  of  the 
solution  was  ejected  from  the  polarizer  into  a  ~50  mL 
detection  chamber  located  inside  the  RF  probe  within  a  47.5 
mT  magnet.  The  magnet  was  located  ~0.5  m  away  from  the 
polarizer,  allowing  very  short  (<1  s)  ejection  time  of  the  reacted 
solution  from  the  reactor  to  the  detection  chamber  (Corning 
50  mL  PP  centrifuge  tube).  A  TTL  microcontroller  of  the 
PHIP  polarizer  was  used  to  switch  solenoid  valves  that  control 
gas  and  chemical  delivery  to  the  high-pressure  reactor  and 
ejection  to  the  detection  chamber.  The  detection  chamber  was 
cleaned  after  each  NMR  signal  acquisition  before  a  new  portion 
of  the  solution  from  the  polarizer  was  ejected. 

Low-Field  (2  MHz)  NMR  Detection.  A  commercially 
available  MR  Kea2  spectrometer  (Magritek,  Wellington,  New 
Zealand)  was  used  for  NMR  detection  as  described  by  Waddell 
et  al.43  The  magnet  (2  MHz  Magritek  core  analyzer,  Halbach 
array,  radial  field  direction)  had  a  homogeneity  of  20  ppm  over 
4  cm  diameter  of  spherical  volume.  The  detection  chamber  was 
placed  in  the  home-built  :H  RF  coil44  located  in  the  magnet 
(Figure  Si).  Radio  frequency  calibration  using  a  5  mM  aqueous 
solution  of  CuS04  in  a  2.8  mL  spherical  phantom  yielded  a  90° 
;H  excitation  pulse  width  of  177  ps  at  0.22  W. 

SLIC  RF  Pulse  Sequence.  Spin  order  of  the  p- H2  singlet 
state  was  converted  to  observable  magnetization  using  the  SLIC 
sequence  developed  by  DeVience  et  al.  In  order  to  generate 
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Injection  Injection 
to  reactor  to  chamber 


Reaction  time  (s) 


Frequency  (kHz) 


Figure  2.  (a)  Schematic  diagram  of  experimental  setup.  The  reactor 
was  kept  at  50—60  °C.  (b)  Sequence  of  events:  injection  of  Rh 
complex  solution  (in  CH3OH  or  in  H20)  into  reactor  filled  with  ~7.8 
atm  of  p- H2,  variable  reaction  time,  injection  into  the  detection 
chamber  located  inside  a  47.5  mT  magnet,  subsequent  application  of 
SLIC  pulse  and  signal  acquisition,  (c)  *H  NMR  signal  of  HEP  in 
methanol  obtained  after  application  of  SLIC  pulse  (blue)  and  NMR 
signal  obtained  after  appbcation  of  a  hard  n/ 4  RF  pulse  (red);  note  the 
scaling  by  a  factor  of  10. 


low-power  (~1  fiW)  SLIC  pulses,  additional  attenuators  (Bird 
Technologies,  10  W,  A  series,  male/female  N  connector,  30 
and  20  dB)  were  inserted  between  the  output  of  the  Tomco  RF 
amplifier  (P/N  BT00250-AlphaS-Dual,  Tomco  Technologies, 
Stepney,  Australia)  and  TR  switch  of  the  spectrometer  (Figure 
Si).  The  SLIC  pulse  amplitude  was  calibrated  by  measuring  the 
TR  switch  voltage  output  on  an  oscilloscope  (Tektronix,  TDS 
3034C)  and  comparing  it  to  the  measurements  for  the  nl 2  RF 
pulse  calibrated  by  nutation  experiment.  Acquisition  of  the  !H 
NMR  signal  started  immediately  after  injection  of  the  reactor 
content  to  the  detection  chamber  followed  by  a  SLIC  pulse 
(Figure  2b).  Optimization  of  SLIC  parameters  (Bl  amplitude 
and  duration,  tSlic)  was  performed  for  the  2-hydroxyethyl 
propionate  (the  product  of  2-hydroxyethyl  acrylate  hydro¬ 
genation),  and  then  parameters  found  were  used  for  the 
detection  of  all  other  substrates  under  study. 

■  RESULTS 

We  carried  out  hydrogenation  of  several  molecules  containing  a 
vinyl  moiety  (Figure  l):  2-hydroxyethyl  acrylate  (HEA),  vinyl 
acetate  (VA),  2-vinylpyridine  (VPy),  and  (vinyl)- 
trimethylammonium  chloride  (VTMA),  with  p-H2,  using  a 
home-built  automated  PHIP  polarizer  (Figure  2a).  The 
compounds  were  chosen  based  on  their  importance  in  the 
context  of  potential  PHIP  applications.  For  example,  ethyl 
acetate  can  be  potentially  employed  to  trace  the  metabolism  of 
brain  damage  and  cancer;  2-ethylpyridine  (EPy)  has  shown  the 
potential  for  1SN  pH  mapping/imaging;  1  5  (ethyl)- 
trimethylammonium  is  structurally  similar  to  choline,  which  is 
a  key  metabolic  signature  in  many  cancers;40  4"  2-hydroxyethyl 


propionate  can  be  used  for  in  vivo  angiography,  and  it  is  also  a 
typical  test  molecule  for  PHIP  studies.  1  Hydrogenation  of 
the  vinyl  motif  (— CH=CH2)  by  p-H2  for  the  molecules 
studied  leads  to  ethyl  group  (— CH2— CH3)  formation,  where 
two  hydrogens  come  from  the  same  p-H,  molecule,  and  these 
nascent  parahydrogen  nuclei  are  incorporated  into  two 
chemically  inequivalent  positions.  Due  to  the  identical  structure 
of  the  intentionally  chosen  hydrogenated  motif  for  all 
substrates  investigated  (Figure  lb),  their  NMR  parameters 
and  /  coupling  patterns  are  relatively  similar  (Table  Si). 

Use  of  the  automated  home-built  low-field  PHIP  polarizer 
made  possible  the  fast  conversion  of  80  mM  unsaturated 
substrates  into  hydrogenation  reaction  products.  Reactions 
were  carried  out  by  fast  (<4  s)  injection  of  3—5  mL  of  the 
catalyst/precursor  solution  into  an  atmosphere  of  p-H2.  Then 
reaction  solutions  were  quickly  (<1  s)  pushed  to  the  detection 
chamber  located  in  the  bore  of  a  47.5  mT  magnet;  the  SLIC  RF 
pulse  was  applied  immediately,  and  it  was  followed  by  !H  NMR 
signal  acquisition  (Figure  2a, b).  The  intensity  of  the  NMR 
signal  obtained  after  SLIC  was  at  least  2  orders  of  magnitude 
greater  than  the  signal  intensity  obtained  after  application  of  a 
hard  nl 4  pulse  as  typically  employed  in  high-field  PHIP 
experiments11  (Figure  2c). 

We  note  that  the  hydrogenation  reactions  were  carried  out  in 
nondeuterated  solvents,  such  as  methanol  and  water.  The  NMR 
signal  resulting  from  ~80  mM  of  hydrogenated  material  after 
SLIC  was  10—30  times  greater  than  the  NMR  signal  originating 
from  the  solvent  (Figure  3a, b).  Besides  providing  a  direct 
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(24.7  M)  (0.08  M) 


H20  HEP  in  H,0 

(55.6  M)  (0.08  M) 


Figure  3.  *H  NMR  spectroscopy  of  HEP  at  47.5  mT.  (a)  Left:  'H 
NMR  signal  of  reaction  mixture  injected  into  the  detection  chamber  at 
equilibrium  nuclear  spin  polarization;  the  NMR  signal  originates 
primarily  from  methanol  solvent.  Right:  1 H  HP  NMR  signal  obtained 
after  SLIC  pulse  applied  to  the  reaction  mixture  (—0.08  M  of  2- 
hydroxyetyl  propionate  (HEP)  in  methanol),  (b)  Left:  *H  NMR  signal 
of  reaction  mixture  injected  into  the  detection  chamber  at  equilibrium 
nuclear  spin  polarization;  the  NMR  signal  originates  primarily  from 
water  solvent.  Right:  *H  HP  NMR  signal  obtained  after  SLIC  pulse 
applied  to  the  reaction  mixture  (~0.08  M  of  HEP  in  water),  (c) 
Dependence  of  the  SLIC  signal  (normalized  to  the  thermal  signal  of 
the  solvent)  on  the  reaction  time  for  HEP  in  methanol,  (d) 
Dependence  of  the  SLIC  signal  (normalized  to  the  thermal  signal  of 
the  solvent)  on  the  reaction  time  for  HEP  in  water. 
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comparison  with  the  HP  signal,  utilization  of  nondeuterated 
solvents  here  advantageously  allowed  calibration  of  exper¬ 
imental  parameters  (e.g.,  RF  pulses,  Bx  frequency  ofFset,  and 
adjustments  to  account  for  minor  magnetic  field  drift  typical  for 
low-field  scanners  based  on  permanent  magnets  and  in  the 
absence  of  a  deuterium  spin-lock  apparatus).  The  signal 
enhancement  of  HP  resonances  was  evaluated  by  computing 
the  ratio  of  HP  signal  to  the  signal  originating  from  the 
thermally  polarized  solvent  (since  the  amount  of  material 
injected  into  the  detection  chamber  each  time  may  vary). 
Maximal  apparent  polarization  percentage  (Papp)  of  ~0.23% 
was  found  for  2-hydroxyethyl  propionate  (HEP)  when 
hydrogenation  reaction  of  HEA  was  performed  in  methanol. 
Lower  values  were  found  for  ethyl  acetate  and  when  water  was 
used  as  a  solvent.  Hydrogenation  of  VPy  and  VTMA  was  also 
detected  by  SLIC,  but  their  NMR  signals  were  significantly 
lower  (see  Discussion). 

Varying  the  reaction  time  allowed  the  build-up  and  decay  of 
the  hyperpolarized  signal  to  be  detected  (Figure  3c, d).  We 
found  that  the  signal  decayed  with  the  time  constant  Ts  ranging 
between  5  and  15  s  depending  on  the  studied  molecule  and  the 
solvent.  The  Ts  values  obtained  correlate  well  with  prior  results 
in  the  literature.  For  example,  Ts  of  6.4  ±  1.2  s  was  measured 
for  EA  at  Earth’s  magnetic  field  in  ALTADENA  conditions,1 
while  the  present  study  yielded  Ts  of  EA  to  be  7.2  ±  0.5  s  in 
methanol  (see  Table  1  for  the  Ts  values  for  all  studied 


Table  1.  Kinetic  and  Relaxation  Parameters  Extracted  from 
Fitting  of  the  Build-up  and  Decay  Curves  for  HEP,  EA, 
ETMA,  and  EPy  (Catalyst  Concentration  was  5  mM) 


methanol 

HEP 

EA 

ETMA 

EPy 

K  (s-1) 

11.8  ±  1.8 

11.5  ±  2.3 

14.1  ±  2.5 

2.8  ±  0.5 

Ts  00 

5.5  ±  0.2 

7.2  ±  0.5 

17.1  ±  1.2 

water 

HEP 

EA 

ETMA 

EPy 

fcr  (S’1) 

12.8  ±  3.9 

14.4  ±  5.9 

21.9  ±  4.2 

Ts  (s) 

8.3  ±  0.8 

4.3  ±  0.5 

13.2  ±  1.4 

substrates 

in  methanol  and  in  water). 

One  may  also  estimate 

the  effective  hydrogenation  reaction  kinetic  constant  fcr  by 
fitting  the  experimental  data  with  suitable  analytical  expression 
(eq  Si)  describing  the  build-up  and  decay  of  a  hyperpolarized 
signal  (Figure  3c, d  and  Supporting  Information). 

In  principle,  the  use  of  an  automated  PHIP  polarizer  with  a 
high-pressure  injection  reactor  is  not  mandatory;  that  is,  high- 
pressure  NMR  tubes  with  p-H2  bubbling  can  be  employed 
(similar  to  the  recent  studies  of  13C-VA  hydrogenation  and 
hyperpolarization  with  signal  amplification  by  reversible 
exchange).18’51  Nevertheless,  the  use  of  an  automated  PHIP 
polarizer  benefited  the  present  study  because  a  series  of 
experiments  could  be  performed  routinely  and  identically, 
which  allowed  us  to  quickly  find  optimal  conditions  for 
performing  a  singlet-to-magnetization  transformation,  that  is, 
optimal  RF  pulse  amplitude,  frequency  offset,  and  duration  of 
the  SLIC  pulse  (Figure  4). 

■  DISCUSSION 

The  true  singlet  state  of  two  spins  (i.e.,  the  state  with  a  total 
spin  of  0)  is  not  NMR  detectable  because  the  singlet  state  has 
no  magnetic  moment.5"  The  best  example  is  the  nuclear  spin 
singlet  state  of  p-H2  that  produces  no  NMR  signal.  Another 
way  to  explain  the  absence  of  the  observable  NMR  signal  is  the 
realization  that  the  transitions  between  exchange  antisymmetric 


Figure  4.  (a)  Dependence  of  the  SLIC  signal  of  HEP  in  methanol 
(normalized  to  the  thermal  signal  of  the  solvent)  vs  Bl  amplitude  at 
the  SLIC  duration  (rSLIC)  of  0.6  s;  black  squares  correspond  to 
experimental  results,  and  blue  line  corresponds  to  simulation  assuming 
±5  Hz  RF  pulse  offset  (i.e.,  simulating  B0  inhomogeneity),  (b) 
Dependence  of  the  SLIC  signal  vs  SLIC  duration  (time)  at  /I , 
amplitude  of  15  Hz;  black  squares  correspond  to  experimental  results, 
and  blue  line  corresponds  to  simulation. 

singlet  state  and  exchange  symmetric  triplet  states  are 
forbidden.  However,  once  the  magnetic  equivalence  of  the 
two  H  atoms  is  broken  (e.g.,  by  introducing  two  hydrogen 
atoms  from  the  same  p-H2  molecule  into  a  nonsymmetric 
molecular  environment),  the  spin  order  of  the  singlet  state  can 
be  manifested  as  a  nearly  100%  nuclear  spin  polarization.5"’ 
Hydrogenation  reactions  can  be  employed  in  a  way  that  both 
hydrogen  atoms  from  the  same  p-H2  molecule  are  transferred 
to  the  product  as  a  pair  (pairwise  addition),  resulting  in  a 
canonical  PHIP  effect.11,  ’  However,  the  singlet  state  is 
considered  to  be  truly  broken  (i.e.,  resulting  in  two  well- 
resolved  resonances  in  the  NMR  spectrum)  only  if  the  chemical 
shift  difference  between  p-H2-nascent  protons  (<5^  and  <5HB)  is 
greater  than  the  spin— spin  coupling  constant  /ha-hb  between 
them  (corresponding  to  the  condition  of  a  weak  coupling 
regime).  ’  Otherwise — in  a  strong  coupling  regime  (sometimes 
referred  to  as  inverse  weak  coupling  regime51’),  that  is,  (<5^  — 
<5hb)  <  /ha-hb — the  two  nascent  protons  reside  in  a  pseudo¬ 
singlet  state  even  after  the  act  of  pairwise  addition  of  p-H2.35 
For  example,  for  the  case  where  (<Sha  —  <5Hb)  is  3  ppm  and  / 
coupling  is  7  Hz,  the  strong  coupling  regime  occurs  for 
magnetic  fields  below  0.055  T.  The  ethyl  moiety  (— CH2— CH3) 
is  a  chemical  motif  found  in  a  wide  range  of  organic  molecules 
which  has  a  typical  /  coupling  constant  of  ~7  Hz  between 
methylene  and  methyl  groups,  and  the  corresponding  chemical 
shift  difference  (<5methylene  “  ^methyl)  ranges  from  0.5  to  3 
ppm  (Table  Si).  Since  hydrogenation  of  vinyl  or  acrylate 
groups  produces  ethyl  or  propionate  groups  respectively  (note 
that  both  cases  are  considered  as  an  isolated  five  spin  system 
— CH2— CH3),  all  four  molecules  studied  form  strongly  coupled 
spin  systems  if  hydrogenation  by  p-H2  is  carried  out  in  the 
fields  below  0.055  T. 

Although  the  pseudo-singlet  state  is  not  directly  detectable 
by  NMR  in  the  strong  coupling  regime, 38,56  58  the  spin  order 
from  the  pseudo-singlet  spin  state  can  be  transformed  into  the 
observable  magnetization  using  the  SLIC  sequence  introduced 
by  DeVience  and  co-workers.4  ’  They  demonstrated  that  low- 
power  continuous  wave  decoupling  (with  alternating  magnetic 
field  J3X  amplitude  on  the  order  of  /ha-hb  and  with  frequency 
set  at  (<5ha  +  <5^)72)  enables  coherent  transfer  of  population 
between  the  singlet  state  IS)  =  (la/?)  —  l/?a))/ yjl  and  the  state 
I q>_)  =  (laa)  —  la/?)  —  l/?a)  +  l/?/?))/2.  The  latter  term 
corresponds  to  magnetization  aligned  along  the  —  x  axis  in  a 
rotating  frame,  and  it  is  readily  observable  by  NMR  The 
optimum  duration  of  SLIC  RF  irradiation  depends  on  the 
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Figure  5.  Simulation  of  'H  NMR  signal  dependence  in  — CH2CH3  system  on  SLIC  parameters:  B1  amplitude  (Hz),  SLIC  pulse  offset  (Hz)  (position 
of  zero  offset  corresponds  to  the  center  frequency  between  CH3  and  CH2  resonances),  and  SLIC  pulse  duration  (rSL[c).  Relaxation  effects  were  not 
included  in  the  simulation.  See  Supporting  Information  for  animated  gif  files  and  the  corresponding  signal  dependences  for  two-spin  system. 


combination  of  NMR  resonance  frequency,  /ha-hb>  and  (^ha  — 
<5hb).  Advantageously,  this  transformation  does  not  require  any 
other  RF  pulses,  making  it  relatively  straightforward  to 
implement  from  the  hardware  perspective. 

However,  we  found  that  while  the  analytical  model  presented 
by  DeVience  et  al.  works  well  for  the  simple  case  of  a  two-spin 
system,  it  cannot  properly  describe  the  observed  patterns 
obtained  in  the  experiment  with  the  five-spin  systems  of  ethyl 
groups  studied  here.  For  example,  our  results  show  that  instead 
of  a  relatively  narrow  maximum  at  B1  =  /ha-hb  as  predicted  by 
the  simple  theory,  there  is  a  broad  maximum  at  B1  ~  2/^.^, 
and  the  optimal  SLIC  pulse  duration  is  about  \/2/A u  (where 
Ad  is  the  chemical  shift  difference  (^methylene  —  ^methyl) 
expressed  in  Hz),  that  is,  two  times  longer  than  that  predicted 
for  the  two-spin  model"0  (Figure  4).  Here,  detailed  spin 
dynamics  simulations  were  carried  out  (see  Supporting 
Information),  resulting  in  the  graphs  (Figure  5)  where  SLIC 
signal  is  plotted  versus  SLIC  B1  amplitude,  SLIC  B1  offset,  and 
SLIC  duration,  where  NMR  signal  maxima  form  concentric 
waves  with  radii  of  approximately  3/ha-hb/2,  2/ha_hb,  and 
5/ha-hb/2-  The  pattern  of  the  map  also  changes  with  SLIC 
duration,  although  there  is  a  clear  indication  of  an  optimal  pulse 
duration  (tslic)  yielding  the  global  maximum  of  the  produced 
signal.  We  note  that  the  spin  dynamics  for  five-spin  systems  is 
much  more  complex  than  that  for  two-spin  systems  but  yet 
relatively  easily  predictable  using  the  density  matrix  formalism. 

Although  low-field  PHIP  hyperpolarizers  have  been  used 
previously  to  prepare  HP  molecules  via  pairwise  p- H2 
addition,4'1’4  ’  prior  attempts  to  perform  direct  *H  NMR  signal 
detection  of  nascent  HP  protons  resulted  in  a  very  weak 
antiphase  NMR  signal.'  Without  SLIC  or  other  singlet-to- 
magnetization  pulse  sequences,61  direct  proton  detection  at  low 
fields  is  unlikely  to  yield  high  signal-to-noise  ratio  to  study 
reaction  conversion  and  pairwise  selectivity.  Building  on  our 
previous  experience  with  SLIC  detection  of  HP  propane  gas 
prepared  via  heterogeneous  PHIP,  1  SLIC  proton  detection  of 
HP  liquid  was  employed  in  a  low  magnetic  field  of  47.5  mT, 
and  the  !H  NMR  signal  obtained  was  approximately  2  orders  of 
magnitude  greater  than  the  :H  NMR  signal  obtained  using 


conventional  hard  (i.e.,  short  duration  and  high  amplitude)  RF 
pulses  (Figure  2c).  To  the  best  of  our  knowledge,  the  fact  that 
the  action  of  hard  RF  pulses  on  a  spin  system  leads  to  NMR 
signal  significantly  lower  than  that  obtained  by  low-frequency 
irradiation  is  somewhat  unique  in  the  field  of  NMR 
spectroscopy.  Moreover,  one  can  entertain  an  analogy  with  a 
safe,  which  is  hard  to  open  using  brute  force  (e.g.,  a  hammer), 
but  a  tiny  key  with  appropriate  symmetry  can  easily  crack  the 
lock.  It  should  also  be  emphasized  that  unlike  the  vast  majority 
of  hyperpolarization  techniques,  where  the  preparation  of 
singlet  states  requires  additional  preparation  steps,  direct 
creation  of  pseudo-singlet  states  is  an  inherent  and  unique 
feature  of  the  PHIP  technique. 

By  varying  the  “reaction”  time  (i.e.,  the  time  period  that  the 
reaction  solution  remains  in  the  reactor  following  the 
injection),  we  measured  singlet  state  lifetime  (Ts)  (Figure 
3c, d).  It  was  found  that  the  NMR  signal  decays  with  a  time 
constant  of  about  5—15  s  depending  on  the  solvent  nature  (i.e., 
methanol  vs  water)  (Table  1  and  Supporting  Information). 
These  values  indicate  that,  despite  the  spin  systems  being  in 
pseudo-singlet  states,  their  lifetimes  were  not  significantly 
longer  compared  to  T,;  that  is,  they  were  not  several  fold 
greater.  This  is,  however,  not  surprising  because  the  existence 
of  long-lived  spin  states  requires  specific  symmetry  properties, 
which  may  not  be  present  in  the  systems  studied  here.62  64 
One  should  note,  however,  that  such  examples  can  occur,  for 
example,  in  previously  reported  long-lived  HP  propane 
states.38’65  Future  studies  are  certainly  warranted  to  identify 
other  examples  of  long-lived  HP  spin  states  that  could  find  use 
in  biomedical  and  material  science  applications.66 

The  efficiency  of  a  singlet-to-magnetization  conversion  by 
SLIC  may  be  analyzed  using  the  boundary  transformation 
methodology  presented  by  Levitt.6  In  the  case  of  the  two-spin 
system,  it  is  possible  to  “extract”  nearly  100%  of  the  singlet  spin 
order  and  transform  it  into  observable  magnetization  (~91% 
when  using  the  SLIC  pulse  sequence).  At  the  same  time  for  a 
five-spin  system,  such  as  — CH2— CH3,  it  is  fundamentally 
possible  to  transform  up  to  only  55%  of  spin  order  (Supporting 
Information).  Our  calculations  for  SLIC  show  ~27%  trans- 
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formation  efficiency  (Figure  5),  indicating  that  there  could  be  a 
more  efficient  RF  pulse  sequence  alternative  to  the  SLIC 
implementation  employed  here.68’6  ’  This  inefficiency  partially 
explains  the  relatively  low  apparent  polarization  level  of  ~0.23% 
obtained  for  HEP  and  even  lower  values  for  other  studied 
molecules.  Other  factors  that  likely  had  a  significant  negative 
impact  on  the  efficiency  of  SLIC  spin  transformation  include 
spin  relaxation  processes  and  B0  magnetic  field  inhomogeneity. 
Indeed,  our  calculations  show  that  the  efficiency  of  spin  order 
transfer  depends  dramatically  on  the  B1  RF  frequency  offset 
(Figure  5).  Static  Bg  magnetic  field  drifts  and  imperfections 
across  the  sample  can  therefore  cause  significant  shifts  away 
from  the  optimal  transfer  conditions,  thus  leaving  a  potentially 
large  fraction  of  the  population  hidden  in  the  “dark” 
unobservable  nuclear  pseudo-singlet  state.  The  use  of  more 
homogeneous  B0  and  B4  fields  can  likely  significantly  improve 
SLIC  efficiency  and  consequently  Papp  in  the  future.  Strong 
dependence  of  singlet-to-magnetization  transformation  on  the 
magnetic  field  inhomogeneity  is  a  substantial  limitation  of  the 
presented  SLIC -based  low-field  detection  method. 

Simple  analysis  also  determines  the  limits  of  the  B0  magnetic 
field  strength,  which  should  be  optimal  for  parahydrogen-based 
SLIC  sensing  presented  here.  First  of  all,  the  magnetic  field 
should  not  be  too  high  (the  weakly  coupled  regime);  otherwise, 
the  singlet  spin  state  is  no  longer  an  eigenstate  of  the  nuclear 
spin  Hamiltonian.  The  strong  coupling  condition  can  provide  a 
quick  estimate  of  the  upper  limit  of  the  low  magnetic  field 
range,  B0  <  27r/HA_HB/yAo,  where  y  is  the  proton  gyromagnetic 
ratio.  At  the  same  time,  very  low  magnetic  fields  can  result  in 
prohibitively  long  SLIC  pulse  duration  (since,  generally,  tslic  ~ 
1/Aw),  resulting  in  significant  relaxation  losses  and/or 
decoherences  during  an  excessively  long  SLIC  pulse.  Thus, 
the  magnetic  field  of  0.0475  T  employed  here  lies  in  the  “SLIC- 
safe  range”  for  the  studied  spin  systems;  however,  the  optimal 
field  should  be  calculated  for  a  particular  spin  system  under 
study. 

We  used  !H  and  13C  high-field  (400  MHz)  NMR 
spectroscopy  to  determine  reaction  conversion  levels  by  taking 
aliquots  of  stock  solutions  before  and  after  the  reaction.  One 
can  see  that  measured  conversion  values  were  relatively  high  for 
all  studied  molecules  (Figure  6).  Lower  levels  for  conversion  of 
VPy  and  VTMA  (25—40%)  compared  to  nearly  100% 
conversion  for  HEA  and  VA  can  be  explained  by  the  presence 
of  nitrogen  in  the  former  molecules.  In  case  of  VPy,  the 
electron-donating  N  site  can  potentially  compete  with  the 
double  bond  for  a  binding  event  to  the  Rh  center,  thereby 
lowering  the  probability  of  forming  the  active  catalytic  species 
and,  consequently,  decreasing  reaction  yields.  For  VTMA,  the 
nitrogen  atom  possesses  positive  charge,  which  can  lead  to 
repulsion  of  the  molecule  from  the  positively  charged  cationic 
Rh  center  due  to  electrostatic  interactions  of  charged  ions.  The 
determined  conversion  can  be  compared  with  the  intensity  of 
SLIC  signal  for  the  same  experiments  (Figure  6).  The  SLIC 
signal  from  reaction  products  does  not  linearly  correlate  with 
the  conversion  and  decreases  in  the  following  order  of 
substrates  used  in  hydrogenation:  HEA  >  VA  >  VTMA  >  VPy. 

One  should  not  find  surprising  that  the  different  substrates 
show  a  different  SLIC  signal.  This  is  a  result  of  different 
chemical  dynamics  and  pairwise  addition  behavior  in  hydro¬ 
genation  reactions.  It  is  known  that  the  interplay  between  the 
substrate  and  the  catalyst  is  very  important,  and  variations  of 
the  substrate  or  catalyst  structure  that  seem  insignificant  at  the 
first  glance  may  have  drastic  consequences  on  a  pairwise 
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Figure  6.  Hydrogenation  reaction  conversion  and  SLIC  signal 
(normalized  to  the  signal  of  the  solvent)  for  substrates  in  water. 
Conversion  was  measured  using  high-resolution  high-field  *H  400 
MHz  NMR  of  aliquots  before  and  after  the  reaction. 


addition  performance.  0  A  good  recent  example  supporting  this 
statement  is  the  homogeneous  batch-mode  hydrogenation  of 
propylene  in  methanol  using  two  Rh -based  catalysts:  [Rh- 
(COD)(dppb)]BF4  and  [Rh(NBD)(dppb)]BF4  (where  COD 
=  1,5-cyclooctadiene,  NBD  =  norbornadiene,  dppb  =  1,4- 
bis(diphenylphosphino)butane).  1  Despite  the  fact  that  their 
structure  is  very  similar  and  differ  only  in  the  structure  of  the 
ligand,  PHIP  effects  observed  for  propane  are  3—8  times  higher 
when  the  latter  catalyst  is  used.  While  discrepancy  between  the 
conversion  and  the  SLIC  signal  can  be  treated  as  a  disadvantage 
for  a  general  applicability  of  the  presented  method  for  low-field 
monitoring  of  hydrogenation  reactions,  this  observation  is 
advantageous  for  probing  the  pairwise  nature  of  p- H2  addition 
(i.e.,  reaction  selectivity)  for  HP  NMR  and  MRI.  This  means 
that  large  libraries  of  compounds  can  be  screened  to  identify 
promising  candidates  for  PHIP  HP  contrast  agents  and  for 
optimization  of  PHIP  processes  and  hyperpolarization  equip¬ 
ment.  Moreover,  since  such  selectivity  probing  does  not  require 
chemical  shift  dispersion  (which  is  generally  lacking  at  low 
magnetic  fields),  the  low-field  NMR  modality  presented  here 
can  be  used  to  monitor  the  production  of  HP  products  in 
larger,  more  complex  reactors  operating  with  high  pressures 
and  temperatures;  for  example,  the  reactor  used  here  already 
operated  at  >17  atm  of  gas  pressure  and  >55  °C.  We  foresee 
that  low-field  NMR  (and  MRI)  of  large-scale  industrial 
hydrogenation  processes — hydrogenation  of  vegetable  oils, 
hydrodesulfurization  of  petroleum,  and  other  large-scale 
applications  of  hydrogenation  in  the  industry — can  become  a 
useful  spectroscopic  and  imaging  tool. 

■  CONCLUSIONS 

In  conclusion,  we  have  shown  that  low-field  NMR  and  low- 
amplitude  RF  irradiation  termed  spin-lock  induced  crossing  can 
be  used  to  detect  the  signal  originating  from  HP  molecules 
produced  via  hydrogenation  reactions  with  p- H2.  Signal 
enhancement  of  more  than  10000  allowed  the  build-up  and 
decay  of  HP  reaction  products  upon  hydrogenation  of  several 
organic  molecules  (2-hydroxyethyl  acrylate,  vinyl  acetate,  2- 
vinylpyridine,  (vinyl)trimethylammonium  chloride)  to  be 
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detected.  Moreover,  since  the  signal  from  <80  mM  HP  reaction 
products  was  significantly  greater  than  the  signal  of  thermally 
polarized  solvents,  direct  proton  detection  was  demonstrated  in 
protonated  solvents  such  as  methanol  and  water,  which  can 
provide  a  significant  potential  application  for  molecular  sensing 
of  industrial-scale  processes  in  the  presence  of  large 
concentrations  of  background  species.  While  it  was  shown 
that  chemical  conversion  and  SLIC  signal  are  not  directly 
correlated,  this  finding  can  be  very  useful  for  quick  analysis  of 
selectivity  of  hydrogen  addition  in  catalysis  and  for  production 
of  HP  contrast  agents  by  PHIP  technique;  that  is,  despite  the 
efficient  overall  hydrogenation,  some  compounds  may  exhibit  a 
lower  degree  of  p- H2  pairwise  addition.  Moreover,  the 
presented  method  allows  for  a  quality  assurance  of  the  HP 
state  of  the  molecules  before  performing  experiments  with 
more  expensive  isotopically  enriched  (e.g.,  13C)  com¬ 
pounds" ’9’  2  using  polarization  transfer  schemes.  Lastly,  we 
showed  that  spin  dynamics  during  the  SLIC  pulse  for  five-spin 
systems  (e.g.,  molecules  such  as  presented  here,  containing 
CHj— CH2—  moiety)  is  much  more  complex  than  SLIC  for 
two-spin  systems.  However,  it  is  possible  to  adequately  predict 
optimal  detection  parameters,  such  as  B1  amplitude,  offset,  and 
SLIC  time.  Low-field  NMR  signals  are  generally  far  less 
sensitive  to  susceptibility-induced  magnetic  field  gradients 
(because  these  gradients  scale  linearly  with  B0  strength), 
which  is  a  useful  property  for  studies  of  heterogeneous 
reactions  (e.g.,  liquid/gas,  liquid/solid,  gas/solid)  frequently 
practiced  in  industrial  hydrogenation  processes.  Combined  with 
greater  penetration  depth,  which  also  scales  inversely  with  Bg, 
low-field  SLIC  sensing  may  potentially  provide  a  comple¬ 
mentary  analytical  technology  for  analysis  of  hydrogenation 
reactions  on  a  large  scale. 
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Production  of  Pure  Aqueous  13C-Hyperpolarized  Acetate  by 
Heterogeneous  Parahydrogen-lnduced  Polarization 
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Abstract:  A  supported  metal  catalyst  was  designed,  char¬ 
acterized,  and  tested  for  aqueous  phase  heterogeneous 
hydrogenation  of  vinyl  acetate  with  parahydrogen  to  pro¬ 
duce  13C-hyperpolarized  ethyl  acetate  for  potential  bio¬ 
medical  applications.  The  Rh/Ti02  catalyst  with  a  metal 
loading  of  23.2  wt%  produced  strongly  hyperpolarized 
,3C-enriched  ethyl  acetate-1 -13C  detected  at  9.4  T.  An  ap¬ 
proximately  14-fold  13C  signal  enhancement  was  detected 
using  circa  50%  parahydrogen  gas  without  taking  into  ac¬ 
count  relaxation  losses  before  and  after  polarization  trans¬ 
fer  by  magnetic  field  cycling  from  nascent  parahydrogen- 
derived  protons  to  13C  nuclei.  This  first  observation  of  13C 
PHIP-hyperpolarized  products  over  a  supported  metal  cat¬ 
alyst  in  an  aqueous  medium  opens  up  new  possibilities 
for  production  of  catalyst-free  aqueous  solutions  of  non¬ 
toxic  hyperpolarized  contrast  agents  for  a  wide  range  of 
biomolecules  amenable  to  the  parahydrogen  induced  po¬ 
larization  by  side  arm  hydrogenation  (PHIP-SAH)  ap¬ 
proach. 

V _ / 

The  methods  based  on  magnetic  resonance  (NMR,  MRI)  are 
routinely  used  as  sensitive  analytical  tools  in  chemistry  and 
medicine.  However,  despite  their  impressive  achievements, 
a  potentially  wider  reach  of  these  techniques  is  limited  by 
their  inherently  limited  sensitivity  associated  with  the  low  nu¬ 
clear  spin  polarization  at  thermal  equilibrium.  The  advent  of 
hyperpolarization  NMR  techniques  significantly  expands  the 
range  of  potentially  feasible  MR  applications.11-91  One  of  these 
hyperpolarization  techniques  is  dynamic  nuclear  polarization 
(DNP),  which  allows  the  hyperpolarization  of  a  wide  range  of 
13C-labeled  compounds110,111  and  their  use  for  metabolic  NMR/ 


MRI. 112-141  However,  the  main  limitations  of  the  DNP  technique 
are:  1)a  long  hyperpolarization  time  and  2)  the  high  cost  of 
the  hyperpolarizer.  Parahydrogen-induced  polarization  (PHIP)  is 
an  alternative  hyperpolarization  technique  using  singlet  spin 
order  of  parahydrogen.115-171  Pairwise  addition  of  parahydrogen 
(p-H2),  that  is,  addition  of  the  two  H  atoms  from  one  p-H2  mol¬ 
ecule  to  magnetically  nonequivalent  positions  of  a  substrate 
molecule,  creates  hyperpolarization  on  the  nascent  protons  in 
the  product  molecule.  Importantly,  the  polarization  transfer 
from  nascent  parahydrogen  atoms  through  spin-spin  cou¬ 
plings  to  heteronuclei  (for  example,  to  ,3C)  results  in  hyperpo¬ 
larized  (HP)  contrast  agents  with  sufficiently  long  lifetimes  for 
biomedical  applications.118-201 

PHIP  allows  the  production  of  HP  liquids  that  can  be  directly 
used  for  signal  enhancement  in  various  NMR/MRI  applica¬ 
tions.118,201  Despite  the  relative  complexity  of  the  synthesis  of 
13C-labeled  PHIP  precursor  compounds,  many  successful  exam¬ 
ples  with  high  polarization  levels  on  ,3C  nuclei  (P13C >10 %)  in 
biomolecules  have  been  reported:  13C-succinate,1211  13C-tetra- 
fluoropropionate,1221  and  more  recently  13C-phospholactate.1231 
While  the  corresponding  pioneering  in  vivo  studies  are  encour¬ 
aging,122,24,251  they  were  performed  using  injections  of  a  liquid 
HP  contrast  agent  containing  a  homogeneous  Rh-based  cata¬ 
lyst,1261  which  is  potentially  toxic  and  thus  a  definite  roadblock 
for  eventual  application  in  humans.  Two  alternative  ap¬ 
proaches  can  potentially  address  this  obstacle:  1)  catalyst  re¬ 
moval  by  filtration/extraction  or  2)  utilization  of  a  heterogene¬ 
ous  catalyst  for  pairwise  p-H2  addition  (HET-PHIP).19,27-291  The 
second  approach  is  more  advantageous  because  it  additionally 
allows  catalyst  recycling. 

Importantly,  the  PHIP  medium  must  be  biocompatible,  that 
is,  aqueous.  The  first  observation  of  heterogeneous  PHIP  ef¬ 
fects  in  an  aqueous  medium  was  reported  in  2010, 1301  utilizing 
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supported  metal  catalysts.  Recently,  a  similar  observation  (indi¬ 
cating  the  possibility  of  heterogeneous  PHIP  formation  in 
water)  was  made  using  ligand-capped  platinum  nanoparti¬ 
cles.131,321  Although  the  transfer  of  polarization  from  nascent 
parahydrogen  protons  to  13C  nuclei  was  accomplished  at 
P13C  =  0.013%,[311  subsequent  applications  of  this  system  face 
serious  challenges,  because  1)  separation  of  HP  solution 
from  2-nm-sized  nanoparticles  is  required,  2)  very  low  conver¬ 
sion  levels  were  achieved  (ca.  0.03%  after  15  s  of  reaction),1311 
and  3)  the  reaction  product  2-hydroxyethyl  propionate  (HEP) 
has  no  biomedical  relevance  beyond  angiographic  applica- 
tions.1181 

Recently,  an  efficient  procedure  of  polarization  transfer  from 
nascent  parahydrogen  protons  to  13C  using  the  side  arm  hy¬ 
drogenation  (SAH)  approach  in  combination  with  adiabatic 
magnetic  field  cycling  was  introduced.  It  was  exemplified  with 
a  range  of  esters  bearing  an  unsaturated  alcoholic  or  carboxyl¬ 
ic  moiety,  including  vinyl  acetate,  which  yielded  HP  ethyl  ace¬ 
tate-1 -13C  upon  hydrogenation  and  magnetic  field  cycling.133,341 
However,  these  previous  studies  employed  a  homogeneous 
catalyst  in  an  organic  medium,  which  is  incompatible  with  the 
long-term  goal  of  in-human  application  of  PHIP-SAH,  which 
otherwise  paves  a  straightforward  and  scalable  route  to  effi¬ 
cient  ,3C  hyperpolarization  of  many  biomolecules  including 
13C-pyruvate.[33'351  Moreover,  recent  results  based  on  the  vinyl 
acetate  heterogeneous  hydrogenation  in  the  gas  phase  with 
subsequent  dissolution  in  aqueous  phases  and  hydrolysis  re¬ 
sulting  in  the  production  of  a  mixture  of  hyperpolarized 
ethane  and  thermally  polarized  acetic  acid  allow  the  genera¬ 
tion  of  pure,  biocompatible,  and  catalyst-free  hyperpolarized 
fluid.1361 

In  this  work,  we  demonstrate  that  both  previous  shortcom¬ 
ings  of  PHIP-SAH  can  be  resolved.  Specifically,  2-3  mm  beads 
of  Ti02  with  supported  rhodium  nanoparticles  were  utilized  for 
the  aqueous  phase  heterogeneous  hydrogenation  of  vinyl  ace¬ 
tate-1  -13C  with  p-H2,  followed  by  polarization  transfer  to  13C 
nuclei  by  means  of  magnetic  field  cycling.133'351 

Recently,  it  was  shown  that  decreasing  the  size  of  metal 
nanoparticles  leads  to  an  increase  in  the  pairwise  p-H2  addition 
level;19,371  therefore,  the  catalyst  under  investigation  should 
have  the  smallest  metal  nanoparticles  possible.  However,  large 
amounts  of  metal  introduced  upon  impregnation  of  a  porous 
support  often  lead  to  larger  particle  sizes,  which  are  disadvan¬ 
tageous  in  terms  of  PHIP  efficiency.  Therefore,  in  the  prepara¬ 
tion  of  the  23.2  wt%  Rh/Ti02  catalyst,  an  aqueous  rhodium  ni¬ 
trate  solution  was  used  to  obtain  relatively  small  metal  parti¬ 
cles  even  at  the  high  rhodium  loading.  Rh  was  chosen  as  an 
active  component  because  it  usually  provides  the  highest  PHIP 
signal  enhancements  compared  with  other  metals.1381  The  cata¬ 
lyst  was  characterized  in  detail  by  transmission  electron  mi¬ 
croscopy  (TEM)  and  X-ray  photoelectron  spectroscopy  (XPS) 
(Figure  1  and  the  Supporting  Information,  Figure  S2).  The  aver¬ 
age  particle  size  of  the  23.2  wt%  Rh/Ti02  catalyst  was  estimat¬ 
ed  from  TEM  data  as  circa  3  nm,  which  is  favorable  for  the  ob¬ 
servation  of  PHIP  effects.1391  Therefore,  this  catalyst  was  used 
for  heterogeneous  hydrogenation  of  vinyl  acetate  in  an  aque¬ 
ous  medium  with  subsequent  polarization  transfer  from  para- 


Figure  1.  TEM  images  and  metal  particle  size  distribution  for  the  23.2  wt% 
Rh/Ti02  catalyst  obtained  by  wet  impregnation  from  an  aqueous  rhodium 
nitrate  solution.  The  average  size  of  metal  particles  is  ca.  3  nm. 


Figure  2.  Experimental  procedure  for  13C  hyperpolarization  and  detection  by 
NMR  spectroscopy  through  PHIP-SAH  and  magnetic  field  cycling. 


hydrogen-derived  protons  to  13C  nuclei  and  detection  by 
13C  NMR  spectroscopy  (Figure  2,3). 

The  catalyst's  activity  for  vinyl  acetate  hydrogenation  is  ex¬ 
pected  to  be  lower  in  the  aqueous  medium  (compared  with 
that  previously  shown  in  organic  solvents1401),  and  the  increase 
in  the  total  available  metal  active  centers  by  using  23.2  wt% 
Rh/Ti02  catalyst  was  intended  to  compensate  for  this  activity 
loss.  Indeed,  20  s  of  hydrogen  bubbling  in  our  setup  (ca. 
0.5  mL  of  0.08  m  vinyl  acetate-1 -13C  solution,  ca.  7.1  atm  p-H2 
pressure  at  150  standard  cubic  centimeters  per  minute  (seem) 
flow  rate)  was  sufficient  to  reach  a  greater  than  90%  conver¬ 
sion  of  vinyl  acetate  to  the  reaction  products  (Figure  3  and  the 
Supporting  Information,  Figure  S3).  An  approximately  14-fold 
13C  signal  enhancement  was  observed  under  these  conditions 
(see  Figure  3). 

Importantly,  the  hyperpolarized  ,3C  NMR  signal  was  detected 
both  when  hydrogenation  was  carried  out  directly  inside  the 
magnetic  shield  and  when  the  NMR  tube  with  the  hydrogena¬ 
tion  products  was  briefly  placed  in  the  shield  after  the  termina¬ 
tion  of  the  hydrogen  bubbling.  The  latter  approach  generally 
resulted  in  greater  13C  polarization  values.  The  size  of  the  cata¬ 
lyst  beads  and  the  Rh  loading  can  be  potentially  further  opti¬ 
mized  to  maximize  chemical  conversion  efficiency  and  the 
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Figure  3.  a)  Scheme  of  vinyl  acetate-1 -13C  heterogeneous  hydrogenation 
with  parahydrogen  (p-H2)  over  23.2  wt%  Rh/Ti02  catalyst  in  a  D20  solution 
with  subsequent  polarization  transfer  from  protons  to  13C  nuclei,  b)  ,3C  NMR 
spectrum  of  HP  ethyl  acetate-1-'3C,  and  c)  corresponding  13C  spectrum  of 
thermally  polarized  sample  after  waiting  for  a  time  period  longer  than  5x7",. 
All  spectra  were  acquired  with  one  signal  scan.  NMR  tube  with  the  hydroge¬ 
nation  products  was  placed  in  a  magnetic  shield  after  termination  of  hydro¬ 
gen  bubbling.  The  ,3C  signal  enhancement  (e13c)  is  ca.  14-fold  and  %P,3C  is 
ca.  0.011%. 


degree  of  pairwise  addition,  that  is,  to  maximize  the  overall 
yield  of  13C  hyperpolarization. 

Figure  3  also  shows  that  for  the  polarization  transfer  only 
the  ,3C  NMR  signal  from  hyperpolarized  ethyl  acetate  can  be 
detected.  However,  in  the  ,3C  NMR  spectrum  of  the  thermally 
polarized  reaction  products  (Figure  3c),  the  equilibrium  signals 
of  13C-labeled  unreacted  vinyl  acetate,  ethyl  acetate,  and  acetic 
acid  can  be  seen.  Therefore,  the  formation  of  acetic  acid  by  hy- 
drogenolysis  of  ethyl  acetate  or  by  direct  hydrogenation  of 
vinyl  acetate  can  be  easily  verified  by  13C  NMR  spectroscopy. 
Along  with  the  acetic  acid,  ethane  formed  as  a  byproduct  of 
the  vinyl  acetate  heterogeneous  hydrogenation  with  an  esti¬ 
mated  concentration  of  approximately  4  min  over  the  support¬ 
ed  rhodium  catalyst,  and  the  corresponding  'H  NMR  spectra 
before  and  after  reaction  are  shown  in  the  Supporting  Informa¬ 
tion  Figure  S3. 

It  should  also  be  emphasized  that  the  circa  14-fold  enhance¬ 
ment  of  the  HET-PHIP  13C  signal  (e13C)  achieved  here  is  a  factor 
of  circa  130  lower  than  that  obtained  under  similar  conditions 
using  a  homogeneous  Rh  catalyst  in  [DJMeOH/351  However, 
the  hydrogenation  duration  was  20  s  in  this  study  compared 
with  10  s  in  the  previous  report,1351  and  additional  7,  relaxation 
losses  have  contributed  to  the  lower  e13C  observed  here  (13C  7, 
of  carboxyl  13C  sites  is  generally  on  the  order  of  30-60  s  in 
vitro121, 22,33-351  and  in  vivo, 110,411  and  7,  of  protons  at  low  mag¬ 
netic  fields  is  generally  on  the  order  of  5-10  s[42,431).  It  is  likely 
that  optimization  of  the  catalyst  structure  and  reaction  condi¬ 
tions  could  lead  to  major  improvements  for  the  presented  ap¬ 
proach. 

The  stability  of  the  catalyst  under  reactive  conditions  is  also 
important,  and  XPS  investigations  of  the  catalyst  before  and 
after  the  reaction  were  carried  out  (see  the  Supporting  Infor¬ 


mation  for  details).  It  was  successfully  confirmed  that  the  cata¬ 
lyst  did  not  undergo  any  changes  after  the  reaction  and  Rh 
nanoparticles  are  present  at  the  surface  of  titania  only  in  the 
metallic  state  (Supporting  Information,  Figure  S2). 

Gloggler  et  al.[311  utilized  circa  2  nm  beads  that  will  likely  be 
challenging  to  separate  rapidly.  In  contrast,  the  2-3  mm  cata- 
lytically  active  beads  used  here  can  be  easily  separated,  for  ex¬ 
ample,  by  simple  decantation  of  the  hyperpolarized  aqueous 
solution  from  the  catalyst.  For  instance,  the  Supporting  Infor¬ 
mation  Figure  S4b  shows  that  even  during  hydrogenation,  the 
beads  reside  at  the  bottom  of  the  NMR  tube.  Alternatively,  if 
the  average  diameter  of  the  beads  is  decreased  to  0.1  mm,  the 
catalyst  suspension  (Supporting  Information,  Figure  S4a)  can 
be  potentially  filtered. 

The  ability  to  produce  hyperpolarized  compounds  in  water 
using  solid  catalysts  opens  up  new  possibilities  for  the  produc¬ 
tion  of  catalyst-free  aqueous  solutions  of  nontoxic  hyperpolar¬ 
ized  contrast  agents.  Furthermore,  polarization  transfer  from 
parahydrogen-derived  protons  to  heteronuclei  by  magnetic 
field  cycling  increases  the  lifetime  of  hyperpolarization  of  the 
produced  compounds  and  minimizes  the  signal  background. 
All  these  factors  are  of  paramount  importance  for  in  vivo  appli¬ 
cations/181  Therefore,  the  first  observation  of  13C  hyperpolarized 
molecules  formed  by  heterogeneous  hydrogenation  of  vinyl 
acetate  with  p-H2  over  supported  rhodium  nanoparticles  is 
a  major  step  forward  to  biomedical  applications  of  the  HET- 
PHIP  approach,  and  HET-PHIP-SAH  in  particular,  because  the 
latter  can  be  used  to  hyperpolarize  a  wide  range  of  biomole- 
cules/33-351 

In  conclusion,  we  have  presented  a  new  approach  to  pro¬ 
duce  catalyst-free  aqueous  solutions  of  a  biomolecule  carrying 
13C  hyperpolarization.  The  approach  is  based  on  the  heteroge¬ 
neous  side  arm  hydrogenation  (SAH)  of  a  suitable  precursor 
molecule  with  p-H2  over  supported  metal  catalysts  with  subse¬ 
quent  or  simultaneous  polarization  transfer  from  parahydro¬ 
gen-derived  protons  to  13C  nuclei  by  magnetic  field  cycling. 
The  achieved  circa  90%  conversion  in  the  heterogeneous  hy¬ 
drogenation  reaction  in  water,  which  is  comparable  to  the  con¬ 
version  achieved  by  homogenous  PHIP  hyperpolarization1231  for 
in  vivo  13C  imaging/241  can  be  further  increased  by  increasing 
p-H2  pressure  and  flow  rate  and  the  amount  of  catalytically 
active  sites  on  the  catalyst  surface.  We  believe  that  combina¬ 
tion  of  aqueous  phase  heterogeneous  catalysis  by  supported 
metals  with  HET-PHIP-SAH  and  the  polarization  transfer  ap¬ 
proach  offers  a  powerful  tool  for  the  production  of  hyperpolar¬ 
ized  biocompatible  contrast  agents  for  MRI  because  the  dem¬ 
onstrated  method  is  scalable  and  does  not  require  complex  in¬ 
strumentation. 


Experimental  Section 

For  the  liquid  phase  heterogeneous  hydrogenation  23.2  wt%  Rh/ 
Ti02  solid  catalyst  was  placed  at  the  bottom  of  a  5  mm  high-pres¬ 
sure  medium-wall  NMR  tube,  which  was  then  filled  with  the  solu¬ 
tion  of  13C-labeled  vinyl  acetate  in  D20.  Subsequently,  the  NMR 
tube  was  pressurized  to  ca.  7.1  atm  of  p-H2  and  heated  to  90  “C, 
and  then  p-H2  was  bubbled  through  the  solution  for  20  s  at  150 
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seem.  The  samples  were  not  degassed  before  reaction  and  hyper¬ 
polarization  process.  As  soon  as  bubbling  was  stopped,  the  NMR 
tube  was  transferred  from  the  Earth's  magnetic  field  to  the  very 
low  magnetic  field  (ca.  0.1  pT)  inside  the  magnetic  shield  and  then 
adiabatically  transferred  to  the  9.4  T  high  field  of  the  NMR  spec¬ 
trometer,  where  13C  NMR  spectra  were  acquired  (Figures  2,3).  The 
detailed  experimental  setup  is  presented  in  the  Supporting  Infor¬ 
mation,  Figure  SI.  The  procedures  for  catalyst  preparation,  hydro¬ 
genation,  and  XPS  experiments,  and  additional  NMR  spectra  are 
given  in  the  Supporting  Information. 
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ABSTRACT:  Hyperpolarized  (HP)  propane  is  a  promising 
contrast  agent  for  magnetic  resonance  imaging  (MRI)  of  lungs 
and  for  studying  porous  media.  The  parahydrogen-induced 
polarization  (PHIP)  technique  is  a  convenient  approach  to 
produce  pure  propane  gas  with  enhanced  proton  polarization, 
when  hydrogenation  of  propylene  with  parahydrogen  is  performed 
over  heterogeneous  catalysts.  Here,  we  present  a  new  approach  of 
multidimensional  mapping  of  the  efficiency  of  pairwise  para¬ 
hydrogen  addition  using  PHIP-echo  pulse  sequence.  We  use  this 
approach  to  study  the  performance  of  three  model  heterogeneous 
Rh/TiCb  catalysts  in  the  production  of  HP  propane  gas.  The  three 
catalysts  with  1.0,  13.7,  and  23.2  wt  %  of  supported  rhodium 
nanoparticles  have  been  characterized  by  X-ray  photoelectron 

spectroscopy  (XPS)  and  high  resolution  transition  electron  microscopy  (HRTEM).  By  varying  the  fractions  of  parahydrogen  and 
propylene  in  the  reactant  mixture  as  well  as  the  gas  mixture  pressure,  2D  maps  of  PHIP-echo  NMR  signal  and  2D  maps  of  HP 
propane  NMR  signal  enhancement  were  obtained.  These  maps  clearly  indicate  that  lower  metal  coverage  results  in  more  efficient 
pairwise  hydrogen  addition,  producing  greater  levels  of  proton  polarization  of  propane  gas.  The  presented  method  can  be 
extended  to  multidimensional  characterization  of  the  influence  of  other  key  parameters  of  PHIP  reaction  process  including 
temperature  or  addition  of  an  inert  carrier  gas.  A  2D  Tl  relaxation  map  of  propane  at  9.4  T  is  also  reported  as  a  function  of 
propane  fraction  (in  the  mixture  with  hydrogen)  and  gas  mixture  pressure. 
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■  INTRODUCTION 

Hyperpolarization  techniques  are  revolutionizing  the  field  of 
nuclear  magnetic  resonance  (NMR)  spectroscopy  and 
magnetic  resonance  imaging  (MRI)  because  they  allow 
significant  increase  of  nuclear  spin  polarization  by  several 
orders  of  magnitude.  '  This  immense  polarization  gain 
renders  concomitant  gains  in  the  NMR/MR1  detection 
sensitivity  by  4—8  orders  of  magnitude4-  depending  on  the 
static  magnetic  field  of  the  detector,  thus  enabling  new 
applications  in  various  fields  including  biomedicine.  Biomedical 
applications  of  hyperpolarization  are  the  main  driving  forces  for 
the  fundamental  and  applied  scientific  development  of 
hyperpolarization  methods.  '  Hyperpolarized  (HP)  com¬ 
pounds  are  prepared  exogenously,  and  once  administered  in 


vivo  (via  intravenous  injection  or  inhalation),  they  act  as 
contrast  agents  for  probing  metabolism  and  organ  function. 
Historically,  hyperpolarization  of  noble  gases  (i.e.,  129Xe  and 
3He)3’12'13  has  been  developed  first,  and  they  have  been  readily 
applied  for  functional  pulmonary  imaging.''1  Numerous 
clinical  trials  have  been  completed  and  are  ongoing  or 
pending.13 

The  vast  majority  of  HP  contrast  agents  incorporate  HP 
heteronuclei  (e.g.,  13C,  129Xe,  etc.),  which  typically  have 
significantly  longer  spin— lattice  relaxation  times  T1  compared 
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to  those  of  proton  sites.  This  allows  increasing  the  lifetime  of 
HP  contrast  agents  to  tens  of  seconds  or  minutes.  However, 
despite  the  significant  progress  in  the  HP  MRI  field,  it  faces  one 
critical  translational  challenge;  that  is,  conventional  clinical  MRI 
scanners  do  not  have  heteronuclear  detection  capability  and 
cannot  be  easily  upgraded.  The  relatively  recent  advent  of  long- 
lived  spin  states  (LLSS)  by  the  seminal  works  of  Levitt,1 ;  5 
Bodenhausen,”  '  and  Warren”1  '  revolutionized  our  under¬ 
standing  of  nuclear  spin  relaxation  and  provided  an  alternative 
approach  for  storing  nuclear  spin  order.  Indeed,  hyper¬ 
polarization  can  be  stored  directly  on  protons  allowing  HP 
states  to  undergo  relaxation  on  a  significantly  longer  time  scale 
(characterized  by  the  exponential  decay  constant  Tllss) 
compared  to  that  governed  by  spin— lattice  T1  relaxation. 

While  a  significant  amount  of  work  has  been  historically 
focused  on  the  LLSS  of  heteronuclei,  LLSS  on  protons 
sites19’32’3'1  have  been  shown,  too.  Moreover,  we  have  recently 
demonstrated  the  existence  of  LLSS  between  methyl  and 
methylene  protons  of  propane.  It  has  been  shown  that  HP 
propane  lifetime  (Tllss)  is  ca.  3  times  greater  than  T,  measured 
at  the  same  conditions,  and  TLLSS  can  exceed  13  s  in  the  gas 
phase.  4  As  a  result,  long-lived  HP  propane  can  potentially  be 
used  as  an  inhalable  HP  contrast  agent  in  a  manner  similar  to 
HP  129Xe.  While  the  first  demonstration  of  HP  propane  (and 
other  hydrocarbon  gases,  which  in  principle  can  have  LLSS) 
and  its  imaging  has  been  done  almost  a  decade  ago,  ~  the 
demonstration  of  its  long  lifetime  and  the  perceived  potential  as 
an  inhalable  contrast  agent  have  rekindled  a  significant  interest 
in  efficient  hyperpolarization  of  propane'1  ~~  and  other 
hydrocarbon  gases.4'1 

Parahydrogen-induced  polarization  (PHIP)  1-48  is  naturally 
a  very  attractive  approach  for  preparing  HP  propane  possessing 
LLSS  (although  dynamic  nuclear  polarization  (DNP)  of 
hydrocarbons  has  been  recently  reported  as  well4'1)  because  it 
offers  the  possibility  of  overpopulating  LLSS  directly  via 
pairwise  addition  of  parahydrogen  (p-H2)  and  in  principle  with 
preserving  100%  of  the  singlet  spin  order  (Figure  la).  While 
efficient  homogeneous  pairwise  p- H2  addition  to  propylene  has 
been  demonstrated,  the  heterogeneous  (HET)  PHIP  is  more 
attractive31’36’10  '  "  because  it  allows  preparing  HP  contrast 
medium  free  from  catalyst  and  solvent  contamination  and 
catalyst  removal.  When  the  chemical  conversion  of  the  PHIP 
precursor  is  complete,  the  produced  HP  agent  can  be 


Figure  1.  (a)  Molecular  diagram  of  heterogeneous  pairwise  hydro¬ 
genation  of  propylene  to  propane  with  parahydrogen  (p-H2)  over  Rh/ 
TiOz  catalyst  with  preservation  of  p-H2  spin  order  in  the  final  HP 
product,  (h)  Schematic  diagram  of  the  experimental  setup  employed 
to  perform  p-H,  addition  to  propylene  with  the  detection  of  produced 
HP  propane  in  high-field  NMR  spectrometer  (400  MHz  Bruker 
Avance  III  NMR  spectrometer). 


potentially  administered  via  inhalation  for  biomedical  imaging 
without  additional  purification  steps. 

Improving  the  efficiency  of  HET-PHIP  to  prepare  HP 
propane  (and  other  compounds)  to  maximize  the  nuclear  spin 
polarization  (PH)  in  the  regime  of  nearly  complete  conversion 
is  mandatory  for  successful  clinical  translation  of  HP  propane 
and  HP  hydrocarbon  gases  in  general.  Designing  such  catalyst 
is  a  challenge  at  the  moment:  while  Ph  of  1—3%  has  been 
demonstrated,41’1'1  there  is  certainly  a  lot  of  room  for 
improvement  since  PH  of  up  to  100%  is  theoretically 
possible.46’4  In  particular,  the  performance  of  the  catalyst  for 
pairwise  (vs  dissociative)  p-H,  addition  required  for  singlet  spin 
state  preservation  in  the  resulting  HP  product  (Figure  la) 
depends  on  many  factors:  pressure,  gas  mixture  composition, 
temperature,  etc.  Here,  we  report  on  the  systematic  study  of 
three  model  Rh/Ti0241’54  catalysts  with  different  Rh  loadings 
(1.0,  13.7,  and  23.2  wt  %)  in  hydrogenation  reaction  of 
propylene  with  p- H2  at  various  reactant  proportions  and  total 
gas  pressure.  This  catalytic  system  has  been  chosen  for  the 
study  because  (i)  it  is  stable  and  (ii)  it  allows  producing  HP 
propane  and  overpopulating  its  LLSS  with  hi^h  level  of 
polarization  at  high  levels  of  chemical  conversion.""  ' 

We  present  a  2D  mapping  approach  to  study  PHIP-echo  HP 
signal  of  propane  in  situ  in  a  9.4  T  NMR  spectrometer.  The 
presented  PHIP-echo  pulse  sequence  mitigates  the  challenges 
of  PASADENA  NMR  spectroscopy  of  HP  compounds  because 
the  detected  signal  is  no  longer  antiphase.  Moreover,  the  2D 
mapping  approach  (which  can  potentially  be  extended  to  a 
multidimensional  approach)  provides  direct  insights  for 
optimization  of  the  catalyst  performance  for  production  of 
HP  gases  by  PHIP.  Here,  propane  gas  PHIP-echo  signal  was 
mapped  as  a  function  of  propylene  fraction  and  pressure  of  the 
reaction  mixture.  It  was  found  that  Rh/Ti02  with  the  lowest  Rh 
metal  content  (l.O  wt  %)  provided  the  highest  signal 
enhancements  for  propane  in  HET-PHIP  while  all  three 
catalysts  maintained  high  levels  of  reaction  conversion  (~95%) 
in  hydrogenation  reaction.  We  show  that  maximal  signal 
enhancement  is  observed  for  high  p-H2  fraction  (~90%)  and 
low  or  intermediate  total  gas  pressure  (1—3  atm).  This  result  is 
in  qualitative  agreement  with  the  previous  studies  where 
approximately  linear  increase  of  PHIP  signal  of  propane  with  p- 
H2  partial  pressure  was  observed  in  hydrogenation  of  propyne 
over  Pt/Ti02  catalyst.55 

■  MATERIALS  AND  METHODS 

Catalysts  Preparation  and  Characterization.  For  the 

preparation  of  Rh/Ti02  catalysts  with  1.0  and  13.7  wt  %  metal 
loadings,  the  acidic  solution  of  Rh(N03)3  (Rh  concentration  38 
mg/mL)  in  H,0  was  used.  0.54  mL  of  Rh(N03)3  solution  in 
the  case  of  1.0  wt  %  Rh/Ti02  and  8.4  mL  of  Rh(N03)3 
solution  in  the  case  of  13.7  wt  %  Rh/Ti02  were  evaporated  to 
dryness  via  rotary  evaporator  (BUCHI)  and  then  diluted  in 
water  to  a  total  volume  of  1.6  mL.  2  g  of  Ti02  (Hombifine  N, 
SBEt  =  107  m2/g)  was  impregnated  with  the  aqueous  solution 
of  rhodium  for  1  h  at  room  temperature.  The  excess  solvent 
was  evaporated,  and  formed  catalysts  were  dried  in  air  at  120 
°C  for  4  h.  Then  the  samples  were  calcined  at  400  °C  in  air  for 
3  h  with  subsequent  reduction  in  H2  flow  at  330  °C  for  3  h.  For 
the  preparation  of  Rh/Ti02  catalyst  with  23.2  wt  %  Rh  metal 
loading,  acidic  solution  of  Rh(N03)3  (metal  concentration  98 
mg/mL)  was  used.  6.2  mL  of  Rh(N03)3  solution  was 
evaporated  to  dryness  and  diluted  with  water  to  a  total  volume 
of  2  mL,  and  then  5  drops  of  tetramethylammonium  hydroxide, 
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25  wt  %  in  H20  (Acros,  CAS:  75-59-2),  were  added.  2  g  of 
Ti02  was  impregnated  with  the  aqueous  solution  of  rhodium 
for  2.5  h  at  room  temperature.  The  excess  solvent  was 
evaporated  and  formed  catalyst  was  dried  in  air  at  120  °C  for  4 
h.  Then  calcination  of  the  sample  was  performed  at  400  °C  in 
air  for  3  h  with  subsequent  reduction  in  H2  flow  at  330  °C  for  3 
h. 

The  X-ray  photoelectron  spectroscopy  (XPS)  measurements 
were  performed  on  a  SPECS  (Germany)  photoelectron 
spectrometer  equipped  with  a  PHOIBOS-150  hemispherical 
energy  analyzer  and  A1  Ka  irradiation  ( hv  =  1486.6  eV,  200  W). 
The  binding  energy  (BE)  scale  was  precalibrated  using  the 
positions  of  the  photoelectron  of  Au  4f7/2  (BE  =  84.0  eV)  and 
Cu  2p3/2  (BE  =  932.67  eV)  core  level  peaks.  The  binding 
energy  of  peaks  was  calibrated  by  the  position  of  the  Ti  2p  peak 
(BE  =  458.8  eV)  corresponding  to  the  Ti++  from  the  TiOz.  The 
sample  loading  process  has  never  exceeded  1  min  in  order  to 
minimize  sample  contact  with  air. 

HRTEM  analysis  was  performed  with  JEM-2010  (JEOL, 
Japan)  operating  at  line  resolution  of  0.14  nm.  For  X-ray 
dispersive  microanalysis  of  elemental  composition,  the  energy 
dispersive  spectrometer  EDX  with  Si(Li)  detector  at  130  eV 
energy  resolution  was  used  (ED AX,  USA).  For  the  preparation 
of  sample  for  the  HRTEM  analysis,  the  sample  of  the  catalyst 
was  dispersed  in  ethanol  using  an  ultrasonic  disperser  and 
deposited  on  copper  grids  coated  with  a  holey  carbon  film. 

Heterogeneous  Hydrogenation  and  NMR  Experi¬ 
ments.  The  schematics  of  the  experimental  setup  are  shown 
in  Figure  lb.  Propylene  (>99%,  Sigma- Aldrich,  #295663)  and 
ultrapure  hydrogen  (>99.999%,  A-L  Compressed  Gases  Inc., 
Nashville,  TN)  were  used  as  received.  Hydrogen  gas  was 
enriched  with  p-H2  to  ~50%  para-state  using  a  home-built 
parahydrogen  generator  by  passing  normal  H2  through 
FeO(OH)  powder  (Sigma-Aldrich,  P/N  371254,  30—50 
mesh)  maintained  at  liquid  N2  temperature  (77  K).  The 
degree  of  para- fraction  in  produced  p-H2  gas  was  confirmed  by 
*H  NMR  spectroscopy  using  a  Bruker  Avance  III  400  MHz 
NMR  spectrometer  using  a  previously  described  procedure.'  ' 
Gas  flow  rates  of  p-H2  and  propylene  (see  Table  S13  in  the 
Supporting  Information  for  details  regarding  flow  rates  for 
different  pressures)  were  regulated  by  mass  flow  controllers 
(Sierra  Instruments,  Monterey,  CA,  model  #C50L-AL-DD-2- 
PV2-V0).  The  gases  flowed  through  a  long  1/8  in.  outside 
diameter  (o.d.)  and  1/16  in.  inner  diameter  (i.d.)  Teflon  tubing 
to  ensure  their  efficient  mixing  and  then  through  a  1/16  in.  o.d. 
Teflon  tubing  (1/32  in.  i.d.)  to  the  bottom  of  a  5  mm  NMR 
tube  where  the  catalyst  was  placed.  The  NMR  tube  residing  in 
the  NMR  instrument  (400  MHz  Bruker  Avance  III  NMR 
spectrometer)  was  heated  to  100  °C  to  initiate  the  in  situ 
hydrogenation.  The  gas  mixture  could  be  readily  directed  either 
to  the  NMR  tube  for  detection  or  directly  to  the  vent  using  a 
manual  shut-off  valve  (Western  Analytical  Products,  #P-733). 
In  the  latter  case  the  NMR  spectrum  of  a  stopped  (thermally 
polarized)  gas  was  recorded.  The  total  pressure  was  controlled 
using  a  backpressure  regulator  (Figure  lb). 

T|  relaxation  measurements  have  been  performed  using  the 
same  experimental  setup  with  the  exception  of  propane  cylinder 
(>99  wt  %,  Sigma-Aldrich,  #536172)  being  connected  instead 
of  a  propylene  cylinder.  The  percentage  of  hydrogen  and 
propane  gases  was  controlled  by  mass  flow  controllers  (see 
Table  S13).  When  equilibrium  mixture  composition  has  been 
reached  (as  monitored  by  NMR  signal  of  flowing  gas),  the  flow 
rate  through  the  NMR  tube  was  stopped  by  directing  the  gas  to 


the  vent.  was  measured  using  inversion— recovery  sequence 
for  the  stopped  gas  mixture. 

■  RESULTS  AND  DISCUSSION 

The  Holy  Grail  in  the  field  of  HET-PHIP  is  the  development  of 
a  catalytic  system,  capable  of  producing  HP  fluid  with 
theoretically  maximum  nuclear  spin  polarization  at  nearly 
100%  conversion  efficiency,  thereby  producing  pure  and  highly 
hyperpolarized  contrast  agent  suitable  for  biomedical  and  other 
applications.  However,  very  often  high  polarization  PH  (and 
pairwise  selectivity)  is  observed  either  for  deactivated 
catalysts^  '58  or  when  the  hydrogenation  reaction  is  performed 
at  very  low  (i.e.,  <SC10%)  conversion  values/  Here,  the  study  is 
performed  at  >95%  conversion  efficiency  in  the  light  of  the 
potential  use  of  HP  propane  as  a  contrast  agent.  Rh/Ti02  was 
chosen  for  this  study  because  it  has  been  shown  previously  to 
be  one  of  the  most  promising  systems  to  provide  efficient 
pairwise  hydrogenation  of  propylene  to  propane  accompanied 
by  the  high  reaction  conversion,  with  the  final  goal  of  HP 
propane  production.41'59  In  the  present  study,  we  have 
investigated  Rh/Ti02  catalysts  with  three  different  percentages 
of  loaded  Rh  metal:  1.0,  13.7,  and  23.2  wt  %.  The  preparation 
procedures  are  described  in  the  Materials  and  Methods  section. 

XPS  and  HRTEM  Analysis.  Figure  2a— c  presents  Rh  3d 
core-level  spectra  obtained  for  the  Rh/Ti02  samples  with  low 
(l.O  wt  %),  intermediate  (13.7  wt  %),  and  high  (23.2  wt  %) 
rhodium  metal  loading  before  reaction.  The  Rh  3d5/2  peak  at 
307.2  ±  0.1  eV  can  be  attributed  to  metallic  Rh°,  proving  the 
presence  of  Rh  in  all  studied  samples.60’61  According  to  the 
high-resolution  transition  electron  microscopy  (HRTEM)  data, 
at  the  low  metal  loading  (l.O  wt  %)  Rh  nanoparticles  are  not 
observed  as  the  dispersed  unique  particles  (Figure  2d). 
Moreover,  observed  interplanar  distances  are  related  to  the 
Ti02  anatase  phase  only.  Nevertheless,  EDX  spectra  of  the 
different  sample  areas  contain  peaks  corresponding  to  the  L- 
line  of  Rh  (Figure  Si).  This  observation  confirms  that  Rh  exists 
on  the  surface  of  Ti02  as  clusters  with  the  size  less  than  0.5  nm 
or  as  Rh  atoms  incorporated  into  the  structure  of  Ti02.  For 
intermediate  metal  coverage  (13.7  wt  %  of  Rh)  HRTEM 
images  show  the  presence  of  RhO*  particles  with  the  average 
size  of  1.2  nm  (Figure  2e).  A  part  of  supported  rhodium  forms 
a  metallic  layer  on  the  surface  of  Ti02  and  the  layer  thickness 
varies  from  0.5  to  3  nm.  The  interplanar  distances  for  the 
metallic  rhodium  are  slightly  increased  indicating  partial 
oxidation  of  Rh.  According  to  the  HRTEM  data  the  catalyst 
with  the  highest  percentage  (23.2  wt  %)  of  supported  Rh 
contains  a  broad  distribution  of  metal  particles  sizes  with  the 
average  size  of  about  2.4  nm  (Figure  2f).  According  to  the 
measured  interplanar  distances,  the  particles  can  be  attributed 
to  metallic  Rh. 

PHIP-Echo  Sequence.  The  conventional  PHIP  effect  at 
high  magnetic  fields  is  known  as  the  PASADENA  6,4  effect 
(Figure  3a).  When  two  hydrogen  atoms  of  p-H2  are  added  to 
the  precursor  molecule  in  a  pairwise  manner  (i.e.,  added 
together  as  a  pair),  thus  conserving  their  singlet  spin 
correlation,  the  NMR  spectrum  of  such  hydrogenation  product 
is  manifested  as  absorptive— emissive  multiplets  (Figure  3b, c). 
On  the  one  hand,  these  multiplets  have  conventionally  been  the 
characteristic  signature  of  the  PHIP  phenomenon  enabling 
many  mechanistic  studies  in  homogeneous  and  heterogeneous 
catalysis.50’62'63  Moreover,  the  enhanced  antiphase  multiplets  of 
nascent  protons  allow  unambiguous  identification  of  two-spin 
order  derived  from  p-H2  protons  and  distinguishing  these 
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Figure  2.  Characterization  of  the  Rh/Ti02  samples  with  different 
rhodium  metal  percentages.  Left:  Rh  3d  core-level  XPS  spectra  of  Rh/ 
Ti02  catalysts  before  propylene  hydrogenation  reaction:  (a)  1.0  wt  % 
of  Rh,  (b)  13.7  wt  %  of  Rh,  (c)  23.2  wt  %  of  Rh.  Binding  energies  are 
correlated  to  data  from  the  XPS  handbook.61  Right:  HRTEM  images 
of  Rh/Ti02  catalyst  samples:  (d)  1.0  wt  %  of  Rh,  (e)  13.7  wt  %  of  Rh, 
(f)  23.2  wt  %  of  Rh. 


signatures  from  those  of  thermally  polarized  nuclei.  On  the 
other  hand,  the  spectral  appearance  of  such  antiphase 
multiplets  has  certain  experimental  disadvantages.  Indeed,  the 
NMR  signal  intensity  of  antiphase  multiplets  is  greatly  affected 
by  Bg  inhomogeneities,  and  this  NMR  signal  is  also  significantly 
reduced  when  the  PASADENA  signal  is  detected  from  a 
continuously  flowing  HP  gas.  ’  Moreover,  in-phase  magnet¬ 
ization  is  typically  required  for  MRI;’  otherwise,  the 
frequency-encoding  process  will  lead  to  the  partial  self¬ 
cancellation  of  antiphase  spectral  lines.41,43 

Here  we  present  a  simple  solution  to  overcome  the  above- 
mentioned  challenge  by  using  the  so-called  PHIP-echo  radio 
frequency  (RF)  pulse  sequence  (Figure  3d).  PHIP-echo  is  a 
spin-echo-based  RF  pulse  sequence,  where  the  first  pulse  is  45° 
hard  pulse  instead  of  typically  employed  90°  pulse.  This  type  of 
RF  pulse  sequence  has  been  previously  used  in  the  context  of 
time-domain  NMR  spectroscopy64  and  MRI.6'  Moreover,  the 
first  two  pulses  are  often  employed  as  a  part  of  sequences  used 


a  PASADENA  d  PHIP-echo 

(45°)x  (45"),  (180"), 


1.6  1.4  1.2  1.0  0.8  0.6 
’H  chemical  shift  (ppm) 
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Figure  3.  (a)  *H  NMR  pulse  sequence  used  for  direct  detection  of 
antiphase  nuclear  spin  order  of  HP  propane:  45°  excitation  pulse 
followed  by  acquisition  of  the  free  induction  decay  (FID).  The 
hydrogenation  reaction  and  the  detection  are  performed  at  high 
magnetic  field  (PASADENA46,4  experiment),  (b)  [H  NMR  spectrum 
of  HP  propane  (produced  via  hydrogenation  of  propylene  with  p- H2 
over  Rh/Ti02  catalyst)  recorded  under  the  PASADENA  conditions 
using  pulse  sequence  shown  in  (a),  (c)  Simulation  of  *H  NMR 
spectrum  of  HP  propane  obtained  under  the  PASADENA  conditions 
using  pulse  sequence  shown  in  (a),  (d)  !H  NMR  PHIP-echo  pulse 
sequence  (note  that  45°  pulse  is  used  here  instead  of  90°  pulse  in 
conventional  spin  echo  experiments).  PHIP-echo  can  be  used  to 
convert  antiphase  nuclear  spin  order  of  PHIP-derived  nuclei  into  in- 
phase  spin  order  directly  at  high  magnetic  field,  (e)  XH  NMR  spectrum 
of  HP  propane  acquired  using  PHIP-echo  pulse  sequence  shown  in 
(d).  (f)  Simulation  of  *H  NMR  spectrum  of  HP  propane  acquired 
using  PHIP-echo  pulse  sequence  shown  in  (d).  Note  that  residual  peak 
labeled  with  open  circle  in  (b)  and  (e)  belongs  to  the  CH3  group  of 
unreacted  propylene. 


in  the  /-coupling  spectroscopy66-68  and  other  spin  order 
transformation/filtering  schemes.6  ’  The  main  advantage  of 
PHIP-echo  (compared  to  other  schemes  listed  above)  for 
analysis  of  gaseous  PHIP-reaction  products  is  its  short  duration; 
thus,  relaxation  losses  due  to  T2*  signal  decay  are  minimized.  In 
addition,  the  proper  choice  of  interpulse  delay,  A  (Figure  3d), 
allows  concentrating  most  of  the  detectable  signal  in  only  one 
resonance  line  (e.g.,  —  CH3  resonance  instead  of  both  — CH2— 
and  —  CH3  as  shown  in  Figure  3e,f  in  the  case  of  propane), 
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Figure  4.  2D  mapping  of  PHIP-echo  NMR  signal  for  optimization  of  the  effective  H  NMR  signal  enhancement  of  HP  propane  for  three  Rh/Ti02 
catalysts  with  different  Rh  metal  loadings:  1.0  wt  %  (left  column),  13.7  wt  %  (central  column),  and  23.2  wt  %  (right  column).  Top  row:  2D  maps  of 
1 H  NMR  PHIP-echo  propane  signals  (the  sum  of  both  HA  and  HB  signals  of  Figure  3e)  as  a  function  of  propylene  fraction  in  the  reactant  mixture 
and  as  a  function  of  the  reaction  mixture  pressure.  Central  row:  2D  maps  of  thermal  1 H  NMR  signal  of  propane  (sum  of  integrals  corresponding  to 
all  8  protons  in  propane  molecule)  as  a  function  of  propylene  fraction  in  the  reactant  mixture  and  as  a  function  of  the  reaction  mixture  pressure; 
spectra  were  acquired  after  cessation  of  gas  flow  through  the  NMR  tube  and  complete  relaxation  of  nuclear  spins  to  equilibrium.  Bottom  row:  2D 
maps  of  effective  1  i  1  NMR  signal  enhancement  as  a  function  of  propylene  fraction  in  the  reactant  mixture  and  as  a  function  of  the  reaction  mixture 
pressure.  Effective  signal  enhancement  was  calculated  as  a  ratio  of  PHIP-echo  signal  (top  row)  and  thermal  signal  (central  row)  taking  into  account 
the  number  of  protons,  which  give  rise  to  the  observable  signal  (2  in  the  case  of  polarization  and  8  for  the  thermally  polarized  one).  We  note  that  the 
computed  in  this  fashion  (see  Supporting  Information  for  details)  signal  enhancement  e  reports  on  the  signal  enhancement  of  the  two  (out  of  eight) 
protons  of  propane  spin  system:  HA  and  HB  as  shown  in  Figure  3.  The  maximum  observed  E  in  the  experiments  presented  in  Figure  4  was  ~55 
corresponding  to  %PH  ~  0.18%  (see  Supporting  Information  for  details).  We  note  that  while  the  enhancement  factor  e  is  field  dependent,  the  %PH  is 
field  independent  because  it  takes  into  account  the  equilibrium  nuclear  spin  polarization  at  the  field  of  reference. 


which  makes  it  more  suitable  for  high-field  gas  MRI  under 
PASADENA4  conditions. 

In  this  study,  the  time  delay,  A,  between  pulses  and  free 
induction  decay  (FID)  acquisition  was  chosen  to  be  17  ms, 
which  is  approximately  1/(8/),  where  /  (=7.4  Hz)  is  a  spin- 
spin  coupling  constant  between  methyl  and  methylene  protons 
in  propane  molecule  (experimentally  found  position  of  the 
maximum  is  in  agreement  with  simulations,  Figure  S4). 
Experimentally  recorded  spectra  for  PASADENA  and  PHIP- 
echo  conditions  (Figure  3b,e)  are  in  excellent  agreement  with 
simulations  performed  using  spin  density  matrix  formalism 
(Figure  3c,f). 

Analysis  of  Signal  Enhancement  for  Propane.  The 

PHIP-echo  pulse  sequence  was  used  to  search  for  maximum 
signal  enhancement  of  HP  propane  at  variable  reactant 
compositions  (propylene/p-H2  ratios)  and  total  gas  pressure. 
2D  maps  of  PHIP-echo  signal  (i.e.,  total  integral  of  *H  NMR 


signals  for  — CH2—  and  — CH3  groups  of  propane), 
corresponding  thermal  signal  (total  integral  of  :H  NMR  signals 
for  — CH2—  and  — CH3  groups  of  propane),  and  their  ratio,  i.e., 
the  actual  signal  enhancement  (e),  are  presented  in  Figure  4.  It 
is  seen  that  the  signal  intensity  in  the  PHIP-echo  experiment 
increases  with  the  increase  of  propylene  fraction  (in  the  initial 
reactant  mixture)  and  total  gas  pressure  for  all  three  studied 
catalysts.  This  is  not  surprising  since  the  concentration  of 
propane  gas  increases  with  the  pressure  increase  and  the 
increase  of  initial  percentage  of  hydrocarbon  in  the  mixture 
under  condition  of  nearly  complete  chemical  conversion  (of 
propylene  to  propane).  However,  Rh/Ti02  catalyst  with  1.0  wt 
%  metal  loading  shows  the  best  performance  among  three 
catalysts  studied,  i.e.,  ca.  factor  of  2  greater  signal  of  HP 
propane  than  that  for  the  catalyst  with  13.7  wt  %  loading  and 
ca.  factor  of  5  higher  signal  than  that  for  the  catalyst  with  23.2 
wt  %  loading  (Figure  4,  top  row). 
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We  additionally  analyzed  whether  the  performance  of  1  wt  % 
Rh  loaded  catalyst  improves  with  increase  of  reaction 
conversion,  and  2D  maps  of  thermally  polarized  propane 
signals  have  been  plotted.  Figure  4  (middle  row)  shows  that 
thermal  NMR  signal  increases  with  the  increase  of  propylene 
fraction  in  the  initial  mixture  and  total  gas  pressure  and  that  the 
observed  signal  is  approximately  the  same  for  all  three  catalysts 
studied.  This  data  can  be  used  to  analyze  reaction  conversion 
(using  integrals  of  *H  NMR  signal  for  the  reaction  product 
propane  and  the  reactant  propylene).  The  Supporting 
Information  shows  that  conversion  level  of  95  ±  5%  is 
achieved  for  each  point  of  2D  map  (Figure  S5).  These  high 
conversion  values  are  the  result  of  the  high  catalysts’ 
performance  in  propylene  hydrogenation. 

The  ratio  of  *H  NMR  signal  of  propane  obtained  using 
PHIP-echo  detection  to  the  thermal  NMR  signal  is  plotted  in 
Figure  4,  bottom  row,  and  can  be  seen  as  an  element-wise 
division  of  the  2D  maps  from  the  top  row  by  those  of  the 
middle  row.  Interestingly,  this  plot  unambiguously  shows  that 
the  maximum  signal  enhancement  of  propane  is  observed  for 
low  propylene  fraction  in  the  reaction  mixture  (10%  propylene 
and  90%  p-H2)  and  low  or  intermediate  pressures  (depending 
on  the  percentage  of  metal  loading),  1—4  atm. 

We  note  that  the  propylene  fraction  in  the  initial  mixture  has 
never  exceeded  50%  in  our  experiments  because  otherwise 
unreacted  propylene  would  be  inevitably  present  in  the  final  gas 
mixture.  Surplus  propylene  is  undesirable  primarily  in  the  light 
of  the  potential  biomedical  translation  of  this  work.  Moreover, 
propylene  excess  can  potentially  lead  to  reduced  performance 
of  heterogeneous  catalysts  by  blocking  active  catalytic  sites. 

During  the  delay  of  2A  (34  ms)  required  for  PHIP-echo 
acquisition  (Figure  3d),  HP  propane  magnetization  decays  due 
to  T2-relaxation  process.  We  note  that  this  magnetization 
attenuation  represents  a  relatively  negligible  contribution. 
Following  additional  measurements,  T2  ranges  from  0.6  s  (~1 
atm  propane  pressure)  to  2.2  s  (at  ~7  atm  propane  pressure) 
(Figure  S6).  Consequently,  the  corresponding  HP  NMR  signal 
would  be  attenuated  by  a  factor  0.94  to  0.98,  respectively. 
Given  that  the  effect  of  T2  relaxation  is  relatively  insignificant 
(and  T2  may  be  additionally  influenced  by  p-H2  fraction  and  the 
%  conversion,  which  would  consequently  require  very  complex 
mapping  of  such  potential  T2  correction  factor),  we  have  not 
included  T2-correction  in  our  maps  (Figure  4).  However, 
generally  speaking,  the  Tr  and  T2-associated  relaxation  losses 
may  require  special  consideration  for  such  multidimensional 
mapping  of  catalyst  performance. 

The  2D  plots  presented  in  Figure  4  show  the  actual 
enhancement  factors,  not  corrected  for  the  spin-polarization 
relaxation  losses  during  the  free  flow.  While  the  spin  order 
responsible  for  the  observed  p-H2-derived  NMR  signal,  i.e., 
is  not  reduced  at  high  flow  rates  (unlike  the  spin  order 
(Ilz  —  I2z)  responsible  for  the  observed  NMR  signal  in 
ALTADENA  experiments),  NMR  signal  intensity  is  likely  to 
be  affected  by  the  conditions  of  the  experiment,  where  FID  is 
detected  directly  during  the  flow  of  the  reagents  through  the 
detection  zone  of  the  spectrometer.  This  phenomenon  in  the 
context  of  PHIP  was  discussed  in  detail  previously.  The  gas 
flow  contributes  significantly  to  the  HP  state  relaxation  because 
time  delay  between  gas  production  and  detection  is  comparable 
to  that  of  Th  Indeed,  if  the  gas  flow  rate  is  low,  HP  propane 
molecules  have  more  time  to  relax  after  their  production  before 
being  detected.  If  the  gas  flow  rate  is  high,  the  NMR  signal  is 
greater  since  the  molecules  have  less  time  for  relaxation.  Since 


the  mass  flow  rates  of  reagents  have  been  the  same  for  different 
pressures  (for  each  propylene/p-H2  ratio)  due  to  the 
experimental  design  (Table  S13),  it  is  obvious  that  volume 
flow  rates  decreased  with  increased  gas  pressure.  This  flow  rate 
decrease  likely  has  led  to  the  increased  NMR  signal  losses  due 
to  the  relaxation  as  discussed  above.  However,  increased 
reaction  pressure  should  naturally  lead  to  the  increase  of 
propane  relaxation  time,  thus  compensating  for  the  losses. 

In  order  to  show  that  this  is  indeed  the  case,  we  have 
performed  the  additional  measurements  to  investigate  propane 
relaxation  time  T,  in  the  mixtures  with  hydrogen  and  at 
different  gas  pressures  and  different  propane  fraction.  The 
results  are  summarized  in  2D  relaxation  map  (Figure  5a).  Tl 
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Figure  5.  (a)  2D  map  of  longitudinal  relaxation  time  (T j)  for  —  CH3 
group  of  propane  as  a  function  of  pressure  and  propane  fraction  in  the 
mixture  with  hydrogen.  Each  data  point  is  a  separate  7’,  measurement 
obtained  using  inversion— recovery  pulse  sequence,  (b)  Cross  section 
of  the  2D  map  presented  in  (a)  at  ~3.7  atm  pressure  (40  psig).  (c) 
Cross  section  of  the  2D  map  presented  in  (a)  at  the  propane  fraction 
of  40%  (the  rest  ~60%  is  hydrogen). 


relaxation  time  was  measured  using  inversion— recovery 
technique  for  thermally  polarized  propane  mixed  with  hydro¬ 
gen  at  different  pressures.  T1  relaxation  times  indeed  increase 
with  the  increasing  propane  fraction  and  pressure  correspond¬ 
ing  to  the  major  contribution  of  spin-rotational  mechanism  to 
nuclear  spin  relaxation  of  propane  in  the  gas  phase.  In  the  triple 
gas  mixture  (propylene,  hydrogen  and  propane),  the  propane 
T|  will  be  governed  by  the  combined  fraction  of  (propane  + 
propylene)  rather  than  by  the  propane  fraction  alone  because 
T|  increases  when  collisions  of  molecules  become  more 
frequent  and  efficient.  Collisions  of  propane  with  H2  are  less 
efficient  in  the  context  of  T,  relaxation  compared  to  those  of 
propane— propane  and  propane— propylene,  with  the  latter  two 
likely  being  very  similar  in  efficiency  given  the  similar  size  and 
mass  of  the  two  molecules.  Therefore,  the  effect  of  chemical 
conversion  (propylene  to  propane)  on  propane  T1  under  these 
conditions  should  be  relatively  small  compared  to  the  overall 
increase  in  Tl  due  to  (propylene  +  propane)  fraction  increase. 
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Overall,  the  interplay  between  two  opposite  effects — increase 
of  T,  (Figure  5b, c)  and  HP  propane  transport  time  along  NMR 
tube  (under  conditional  of  constant  flow  rate  in  units  of  seem) 
with  reaction  pressure  increase — somewhat  cancels  these  two 
opposite  trends,  although  these  two  effects  may  have  some 
influence  on  the  map  appearance  and  may  potentially  require 
more  careful  consideration  in  the  future  studies  especially  those 
involving  multidimensional  mapping.  Alternatively,  more 
thorough  future  mapping  studies  may  benefit  from  minimizing 
the  transportation  time  (ideally  to  achieve  condition  when 
transport  time  is  -CTj)  and  implementation  of  fixed  flow  rate  in 
units  of  cm3/min  rather  than  seem. 

Here,  we  assume  that  the  above  two  effects  have  relatively 
negligible  effect  on  the  maps  appearance,  and  we  speculate  that 
the  most  efficient  pairwise  hydrogen  addition  to  propylene 
occurs  in  the  regime  when  Rh  catalyst  particles  have  the  lowest 
coverage  by  the  adsorbed  propylene  species.'1  It  is  indeed 
supported  by  deuterium  tracer  studies  with  propylene,  which 
showed  that  deuterium  excess  leads  to  formation  of  propane-d2 
as  the  major  product.  Moreover,  it  is  known  that  the  rate  of 
alkene  exchange  with  H2/D2  is  typically  proportional  to  the 
concentration  of  adsorbed  alkene,  and  it  will  therefore  increase 
as  the  propylene/H2  ratio  increases.77  Since  the  exchange 
process  can  only  lead  to  the  loss  of  nuclear  spin  correlation 
between  p-H2-nascent  protons  (or  even  result  in  their  complete 
separation),  it  manifests  itself  as  a  decrease  of  :H  NMR  signal 
enhancement  at  elevated  propylene  fractions.  While  the  actual 
causes  of  the  observed  phenomena  can  be  very  complex,  and 
certainly  warrant  additional  future  investigations,  the  end  result 
of  the  mapping  method  is  straightforward — the  maximal  PH  is 
observed  at  specific  reaction  conditions,  namely,  low  pressures 
and  high  p- H2  fraction.  Importantly,  mapping  approach  allows 
unambiguous  and  visual  presentation. 

Here,  we  demonstrated  the  use  of  2D  mapping  technique  for 
optimization  of  the  HP  propane  production  for  three  catalytic 
systems.  While  all  three  systems  enable  near  100%  chemical 
conversion,  they  produce  markedly  different  PH.  2D  mapping 
technique  is  very  insightful  because  optimal  catalyst  perform¬ 
ance  clearly  varies  from  one  catalyst  to  another.  Only  two 
parameters  (pressure  and  gas  mixture  composition)  were 
systematically  mapped  although  temperature  (and  potentially 
other  parameters,  e.g.,  addition  of  inert  carrier  gas)  will  likely 
have  a  significant  effect  on  the  PH.  We  note  that  the 
temperature  control  was  very  challenging  in  the  presented 
study  due  to  hardware  limitations,  but  it  should  be  certainly 
studied  in  the  future. 

■  CONCLUSION 

We  reported  the  first  systematic  study  of  HP  propane 
production  for  potential  biomedical  applications.  We  used 
parahydrogen-induced  polarization  (PHIP)  technique  to 
produce  HP  propane  and  detect  it  at  high  magnetic  field 
using  PHIP-echo  pulse  sequence.  PHIP-echo  transforms 
antiphase  multiplets  of  HP  propane  generated  at  high  field 
into  in-phase  NMR  signal,  thus,  allowing  for  more  practical  and 
quantitative  NMR  spectroscopy  of  gaseous  reaction  products. 
Moreover,  we  mapped  !H  NMR  signal  and  'H  NMR  signal 
enhancement  as  a  function  of  propylene/p-H2  gas  mixture 
composition  and  pressure  for  three  model  catalysts  Rh/Ti02 
with  different  Rh  loadings  (1.0,  13.7,  and  23.2  wt  %).  We  found 
that  Rh/Ti02  catalysts  with  lowest  percentage  of  loaded  Rh 
metal  (l  wt  %)  provide  the  highest  level  of  signal  enhancement 
(and  the  best  pairwise  addition  selectivity).  Relaxation  of 


propane  in  propane/H2  mixtures  with  propane  percentage 
ranging  from  10%  to  100%  was  also  systematically  studied  at 
various  pressures  (1—7  atm).  It  is  shown  that  relaxation  time 
increases  nearly  linearly  with  pressure  and  propane  percentage, 
substantiating  the  major  contribution  of  spin  rotational 
mechanism  for  propane  relaxation  in  the  gas  phase.  The 
demonstrated  experimental  approaches  pave  the  way  to  future 
multidimensional  mapping  of  HP  propane  production  by  PHIP 
and  toward  future  biomedical  applications. 

■  ASSOCIATED  CONTENT 
G  Supporting  Information 

The  Supporting  Information  is  available  free  of  charge  on  the 
ACS  Publications  website  at  DOI:  10.1021/acs.jpcc.7b02506. 

Additional  information  about  Rh/Ti02  catalysts;  addi¬ 
tional  information  about  PHIP-echo  pulse  sequence; 
reaction  conversion  and  *H  NMR  signal  enhancement 
calculation;  tabulated  measured  *H  NMR  signal  values 
and  calculated  conversion  and  signal  enhancement 
factors;  reactants  flow  rates  used  to  control  propylene 
percentage  in  the  reaction  mixture;  experimental  Tl 
relaxation  data  for  thermally  polarized  propane  gas  in 
the  mixture  with  H2  at  various  pressures;  TEM  images 
and  XPS  spectra  of  catalysts;  NMR  experimental  data 
(PDF) 

■  AUTHOR  INFORMATION 
Corresponding  Authors 

*E-mail:  kovtunov(3)tomo.nsc.ru  (K.V.K.). 

*E-mail:  eduard.chekmenev(3>vanderbilt.edu  (E.Y.C.). 

ORCID® 

Danila  A  Barskiy:  0000-0002-2819-7584 
Kirill  V.  Kovtunov:  0000-0001-7577-9619 
Igor  P.  Prosvirin:  0000-0002-0351-5128 
Igor  V.  Koptyug:  0000-0003-3480-7649 
Eduard  Y.  Chekmenev:  0000-0002-8745-8801 
Notes 

The  authors  declare  no  competing  financial  interest. 

■  ACKNOWLEDGMENTS 

This  work  was  supported  by  RFBR  (16-03-00407-a)  and  MK- 
4498.2016.3.  I.V.K.,  K.V.K.,  and  O.G.S.  thank  FASO  Russia 
project  #  0333-2016-0001  for  basic  funding.  The  US  team 
thanks  NIH  1R21EB018014  and  1R21EB020323,  NSF  CHE- 
1416268  and  CHE-1416432,  DOD  CDMRP  W81XWH-12-1- 
0159/BC1 12431,  W81XWH-15-1-0271,  and  W81XWH-15-1- 
0272.  D.A.B.  thanks  Dr.  A.  N.  Pravdivtsev  for  stimulating 
discussions.  O.G.S.  acknowledges  Haldor  Topsoe  A/S  for  the 
PhD  scholarship.  The  BIC  team  thanks  RSCF  (grant  #14-23- 
00146). 

■  REFERENCES 

(1)  Nikolaou,  P.;  Goodson,  B.  M.;  Chekmenev,  E.  Y.  NMR 
Hyperpolarization  Techniques  for  Biomedicine.  Chem.  -  Eur.  J.  2015, 
21,  3156-3166. 

(2)  Barskiy,  D.  A.;  Coffey,  A.  M.;  Nikolaou,  P.;  Mikhaylov,  D.  M.; 
Goodson,  B.  M.;  Branca,  R  T.;  Lu,  G.  J.;  Shapiro,  M.  G.;  Telkki,  V.-V.; 
Zhivonitko,  V.  V.;  et  al.  NMR  Hyperpolarization  Techniques  of  Gases. 
Chem.  -  Eur.  J.  2017,  23,  725-751. 

(3)  Goodson,  B.  M.  Nuclear  Magnetic  Resonance  of  Laser-Polarized 
Noble  Gases  in  Molecules,  Materials,  and  Organisms.  /.  Magn.  Reson. 
2002,  155,  157-216. 


10044 


DOI:  10.1 021/acs.jpcc.7b02506 
J.  Phys.  Chem.  C  2017,  121,  10038-10046 


Article 


The  Journal  of  Physical  Chemistry  C 

(4)  Nikolaou,  P.;  Coffey,  A.  M.;  Barlow,  M.  J.;  Rosen,  M.;  Goodson, 
B.  M.;  Chekmenev,  E.  Y.  Temperature-Ramped  129Xe  Spin  Exchange 
Optical  Pumping.  Anal.  Chem.  2014,  86,  8206—8212. 

(5)  Ardenkjaer-Larsen,  J.  H.;  Fridlund,  B.;  Gram,  A.;  Hansson,  G.; 
Hansson,  L.;  Lerche,  M.  H.;  Servin,  R;  Thaning,  M.;  Golman,  K. 
Increase  in  Signal-to-Noise  Ratio  of  >  10,000  Times  in  Liquid-State 
NMR  Proc.  Natl  Acad.  Sci.  U.  S.  A.  2003,  100,  10158-10163. 

(6)  Bliimich,  B.  Virtual  Special  Issue:  Magnetic  Resonance  at  Low 
Fields.  /.  Magn.  Reson.  2017,  274,  145—147. 

(7)  Kurhanewicz,  J.;  Vigneron,  D.  B.;  Brindle,  K.;  Chekmenev,  E.  Y.; 
Comment,  A;  Cunningham,  C.  H.;  DeBerardinis,  R  J.;  Green,  G.  G.; 
Leach,  M.  O.;  Rajan,  S.  S.;  et  al.  Analysis  of  Cancer  Metabolism  by 
Imaging  Hyperpolarized  Nuclei:  Prospects  for  Translation  to  Clinical 
Research.  Neoplasia  2011,  13,  81—97. 

(8)  Brindle,  K.  M.  Imaging  Metabolism  with  Hyperpolarized  13C- 
Labeled  Cell  Substrates.  /.  Am.  Chem.  Soc.  2015,  137,  6418— 6427. 

(9)  Comment,  A.;  Merritt,  M.  E.  Hyperpolarized  Magnetic 
Resonance  as  a  Sensitive  Detector  of  Metabolic  Function.  Biochemistry 
2014,  53,  7333-7357. 

(10)  Schroder,  L.  Xenon  for  NMR  Biosensing  -  Inert  but  Alert.  Phys. 
Medica  2013,  29,  3-16. 

(11)  Witte,  C.;  Schroder,  L.  NMR  of  Hyperpolarised  Probes.  NMR 
Biomed.  2013,  26,  788-802. 

(12)  Walker,  T.  G.;  Happer,  W.  Spin-Exchange  Optical  Pumping  of 
Noble-Gas  Nuclei.  Rev.  Mod.  Phys.  1997,  69,  629— 642. 

(13)  Goodson,  B.  M.;  Ranta,  K.;  Skinner,  J.;  Coffey,  A  M.;  Nikolaou, 
P.;  Gemeinhardt,  M.  E.;  Anthony,  D.;  Stephenson,  S.;  Hardy,  S.; 
Owers-Bradley,  J.;  et  al.  The  Physics  of  Hyperpolarized  Gas  MRI 
(invited  Chapter).  In  Hyperpolarized  and  Inert  Gas  MRI  in  Research 
and  Medicine-,  Albert,  M.,  Hane,  F.,  Eds.;  Elsevier  Inc.:  San  Diego,  CA, 
2017;  pp  23-46. 

(14)  Mugler,  J.  P.;  Altes,  T.  A.  Hyperpolarized  129Xe  MRI  of  the 
Human  Lung.  J.  Magn.  Reson.  Imaging  2013,  37,  313—331. 

(15)  Branca,  R  T.;  Cleveland,  Z.  I.;  Fubara,  B.;  Kumar,  C.  S.  S.  R; 
Maronpot,  R  R;  Leuschner,  C.;  Warren,  W.  S.;  Driehuys,  B. 
Molecular  MRI  for  Sensitive  and  Specific  Detection  of  Lung 
Metastases.  Proc.  Natl.  Acad.  Sci.  U.  S.  A.  2010,  107,  3693— 3697. 

(16)  Branca,  R  T.;  He,  T.;  Zhang,  L.;  Floyd,  C.  S.;  Freeman,  M.; 
White,  C.;  Burant,  A  Detection  of  Brown  Adipose  Tissue  and 
Thermogenic  Activity  in  Mice  by  Hyperpolarized  Xenon  MRI.  Proc. 
Natl.  Acad.  Sci.  U.  S.  A.  2014,  111,  18001-18006. 

(17)  Albert,  M.  S.;  Cates,  G.  D.;  Driehuys,  B.;  Happer,  W.;  Saam,  B.; 
Springer,  C.  S.;  Wishnia,  A.  Biological  Magnetic-Resonance-Imaging 
Using  Laser  Polarized  Xe-129.  Nature  1994,  370,  199—201. 

(18)  Walkup,  L.  L.;  Woods,  J.  C.  Translational  Applications  of 
Hyperpolarized  3He  and  129Xe.  NMR  Biomed.  2014,  27,  1429—1438. 

(19)  Carravetta,  M.;  Levitt,  M.  H.  Long-Lived  Nuclear  Spin  States  in 
High-Field  Solution  NMR  J.  Am.  Chem.  Soc.  2004,  126,  6228— 6229. 

(20)  Pileio,  G.;  Carravetta,  M.;  Hughes,  E.;  Levitt,  M.  H.  The  Long- 
Lived  Nuclear  Singlet  State  of  15N-Nitrous  Oxide  in  Solution.  /.  Am. 
Chem.  Soc.  2008,  130,  12582-12583. 

(21)  Pileio,  G.;  Levitt,  M.  H.  Theory  of  Long-Lived  Nuclear  Spin 
States  in  Solution  Nuclear  Magnetic  Resonance.  II.  Singlet  Spin 
Locking.  /.  Chem.  Phys.  2009,  130,  214501. 

(22)  Levitt,  M.  H.  Singlet  Nuclear  Magnetic  Resonance.  Annu.  Rev. 
Phys.  Chem.  2012,  63,  89—105. 

(23)  Dumez,  J.-N.;  Hakansson,  P.;  Mamone,  S.;  Meier,  B.;  Stevanato, 
G.;  Hill-Cousins,  J.  T.;  Roy,  S.  S.;  Brown,  R  C.  D.;  Pileio,  G.;  Levitt, 
M.  H.  Theory  of  Long-Lived  Nuclear  Spin  States  in  Methyl  Groups 
and  Quantum-Rotor  Induced  Polarisation.  /.  Chem.  Phys.  2015,  142, 
044506. 

(24)  Stevanato,  G.;  Singha  Roy,  S.;  Hill-Cousins,  J.;  Kuprov,  I.; 
Brown,  L.  J.;  Brown,  R  C.  D.;  Pileio,  G.;  Levitt,  M.  H.  Long-Lived 
Nuclear  Spin  States  Far  from  Magnetic  Equivalence.  Phys.  Chem. 
Chem.  Phys.  2015,  17,  5913-5922. 

(25)  Levitt,  M.  H.  Symmetry  Constraints  on  Spin  Dynamics: 
Application  to  Hyperpolarized  NMR  /.  Magn.  Reson.  2016,  262,  91— 
99. 


(26)  Vasos,  P.  R;  Comment,  A.;  Sarkar,  R;  Ahuja,  P.;  Jannin,  S.; 
Ansermet,  J.-P.;  Konter,  J.  A.;  Hautle,  P.;  van  den  Brandt,  B.; 
Bodenhausen,  G.  Long-Lived  States  to  Sustain  Hyperpolarized 
Magnetization.  Proc.  Natl.  Acad.  Sci.  U.  S.  A.  2009,  106,  18469—18473. 

(27)  Ahuja,  P.;  Sarkar,  R;  Jannin,  S.;  Vasos,  P.  R;  Bodenhausen,  G. 
Proton  Hyperpolarisation  Preserved  in  Long-Lived  States.  Chem. 
Commun.  2009,  46,  8192—8194. 

(28)  Warren,  W.  S.;  Jenista,  E.;  Branca,  R  T.;  Chen,  X.  Increasing 
Hyperpolarized  Spin  Lifetimes  through  True  Singlet  Eigenstates. 
Science  2009,  323,  1711-1714. 

(29)  Theis,  T.;  Ortiz,  G.  X.;  Logan,  A.  W.  J.;  Claytor,  K.  E.;  Feng,  Y.; 
Huhn,  W.  P.;  Blum,  V.;  Malcolmson,  S.  J.;  Chekmenev,  E.  Y.;  Wang, 
Q.;  et  al.  Direct  and  Cost-Efficient  Hyperpolarization  of  Long-Lived 
Nuclear  Spin  States  on  Universal  15N2-Diazirine  Molecular  Tags.  Sci. 
Adv.  2016,  2,  el501438. 

(30)  Feng,  Y.  S.;  Theis,  T.;  Liang,  X.  F.;  Wang,  Q.;  Zhou,  P.;  Warren, 
W.  S.  Storage  of  Hydrogen  Spin  Polarization  in  Long-Lived  C-13(2) 
Singlet  Order  and  Implications  for  Hyperpolarized  Magnetic 
Resonance  Imaging.  /.  Am.  Chem.  Soc.  2013,  135,  9632— 9635. 

(31)  Feng,  Y.;  Theis,  T.j  Wu,  T.-L.;  Claytor,  K.;  Warren,  W.  S.  Long- 
Lived  Polarization  Protected  by  Symmetry.  /.  Chem.  Phys.  2014,  141, 
134307. 

(32)  Franzoni,  M.  B.;  Buljubasich,  L.j  Spiess,  H.  W.;  Munnemann,  K. 
Long-Lived  H-l  Singlet  Spin  States  Originating  from  Para-Hydrogen 
in  Cs-Symmetric  Molecules  Stored  for  Minutes  in  High  Magnetic 
Fields.  /.  Am.  Chem.  Soc.  2012,  134,  10393-10396. 

(33)  Carravetta,  M.;  Johannessen,  O.  G.;  Levitt,  M.  H.  Beyond  the  T1 
Limit:  Singlet  Nuclear  Spin  States  in  Low  Magnetic  Fields.  Phys.  Rev. 
Lett.  2004,  92,  153003. 

(34)  Barskiy,  D.  A.;  Salnikov,  O.  G.;  Romanov,  A.  S.;  Feldman,  M.  A.; 
Coffey,  A.  M.;  Kovtunov,  K.  V.;  Koptyug,  I.  V.;  Chekmenev,  E.  Y. 
NMR  Spin-Lock  Induced  Crossing  (SLIC)  Dispersion  and  Long- 
Lived  Spin  States  of  Gaseous  Propane  at  Low  Magnetic  Field  (0.05  T). 
/.  Magn.  Reson.  2017,  276,  78—85. 

(35)  Bouchard,  L.  S.;  Kovtunov,  K  V.;  Burt,  S.  R;  Anwar,  M.  S.; 
Koptyug,  I.  V.;  Sagdeev,  R  Z.;  Pines,  A.  Para-Hydrogen-Enhanced 
Hyperpolarized  Gas-Phase  Magnetic  Resonance  Imaging.  Angew. 
Chem.,  Int.  Ed.  2007,  46,  4064-4068. 

(36)  Koptyug,  I.  V.;  Kovtunov,  K  V.;  Burt,  S.  R;  Anwar,  M.  S.;  Hilty, 
C.;  Han,  S.  I.;  Pines,  A.;  Sagdeev,  R  Z.  Para-Hydrogen-Induced 
Polarization  in  Heterogeneous  Hydrogenation  Reactions.  J.  Am.  Chem. 
Soc.  2007,  129,  5580-5586. 

(37)  Bouchard,  L.  S.;  Burt,  S.  R;  Anwar,  M.  S.;  Kovtunov,  K.  V.; 
Koptyug,  I.  V.;  Pines,  A.  Nmr  Imaging  of  Catalytic  Hydrogenation  in 
Microreactors  with  the  Use  of  Para-Hydrogen.  Science  2008,  319, 
442-445. 

(38)  Zhao,  E.  W.;  Zheng,  H.;  Zhou,  R;  Hagelin-Weaver,  H.  E.; 
Bowers,  C.  R  Shaped  Ceria  Nanocrystals  Catalyze  Efficient  and 
Selective  Para-Hydrogen-Enhanced  Polarization.  Angew.  Chem.,  Int.  Ed. 
2015,  54,  14270-14275. 

(39)  Zhou,  R;  Zhao,  E.  W.;  Cheng,  W.;  Neal,  L.  M.;  Zheng,  H.; 
Quinones,  R  E.;  Hagelin-Weaver,  H.  E.;  Bowers,  C.  R  Parahydrogen- 
Induced  Polarization  by  Pairwise  Replacement  Catalysis  on  Pt  and  Ir 
Nanoparticles.  /.  Am.  Chem.  Soc.  2015,  137,  1938—1946. 

(40)  Zhao,  E.  W.;  Zheng,  H.;  Ludden,  K.;  Xin,  Y.;  Hagelin-Weaver, 
H.  E.;  Bowers,  C.  R  Strong  Metal— Support  Interactions  Enhance  the 
Pairwise  Selectivity  of  Parahydrogen  Addition  over  Ir/Ti02.  ACS 
Catal.  2016,  6,  974-978. 

(41)  Kovtunov,  K.  V.;  Barskiy,  D.  A.;  Coffey,  A.  M.;  Truong,  M.  L.; 
Salnikov,  O.  G.;  Khudorozhkov,  A.  K.j  Inozemtseva,  E.  A.;  Prosvirin,  I. 
P.;  Bukhtiyarov,  V.  I.;  Waddell,  K.  W.;  et  al.  High-Resolution  3D 
Proton  Hyperpolarized  Gas  MRI  Enabled  by  Parahydrogen  and  Rh/ 
Ti02  Heterogeneous  Catalyst.  Chem.  -  Eur.J.  2014,  20,  11636— 11639. 

(42)  Kovtunov,  K.  V.;  Truong,  M.  L.;  Barskiy,  D.  A.;  Koptyug,  I.  V.; 
Coffey,  A.  M.;  Waddell,  K.  W.;  Chekmenev,  E.  Y.  Long-Lived  Spin 
States  for  Low-Field  Hyperpolarized  Gas  MRI.  Chem.  -  Eur.  J.  2014, 
20,  14629-14632. 

(43)  Kovtunov,  K.  V.;  Truong,  M.  L.;  Barskiy,  D.  A.;  Salnikov,  O.  G.; 
Bukhtiyarov,  V.  I.;  Coffey,  A.  M.;  Waddell,  K.  W.;  Koptyug,  I.  V.; 


10045 


DOl:  10.1 021  /acs.jpcc.7b02506 
J.  Phys.  Chem.  C  2017,  121,  10038-10046 


Article 


The  Journal  of  Physical  Chemistry  C 


Chekmenev,  E.  Y.  Propane-D6  Heterogeneously  Hyperpolarized  by 
Parahydrogen.  J.  Phys.  Chem.  C  2014,  118,  28234—28243. 

(44)  Burueva,  D.  B.;  Romanov,  A.  S.;  Salnikov,  O.  G.;  Zhivonitko,  V. 
V.;  Chen,  Y.-W.;  Barskiy,  D.  A.;  Chekmenev,  E.  Y.;  Hwang,  D.  W.-H.; 
Kovtunov,  K.  V.;  Koptyug,  I.  V.  Extending  the  Lifetime  of 
Hyperpolarized  Propane  Gas  Via  Reversible  Dissolution.  /.  Phys. 
Chem.  C  2017,  121,  4481-4487. 

(45)  Vuichoud,  B.;  Canet,  E.;  Milani,  J.;  Bornet,  A.;  Baudouin,  D.; 
Veyre,  L.;  Gajan,  D.;  Emsley,  L.;  Lesage,  A;  Coperet,  C.;  et  al. 
Hyperpolarization  of  Frozen  Hydrocarbon  Gases  by  Dynamic  Nuclear 
Polarization  at  1.2  K  J.  Phys.  Chem.  Lett.  2016,  7,  3235—3239. 

(46)  Bowers,  C.  R;  Weitekamp,  D.  P.  Transformation  of 
Symmetrization  Order  to  Nuclear- Spin  Magnetization  by  Chemical- 
Reaction  and  Nuclear-Magnetic-Resonance.  Phys.  Rev.  Lett.  1986,  57, 
2645-2648. 

(47)  Bowers,  C.  R;  Weitekamp,  D.  P.  Para-Hydrogen  and  Synthesis 
Allow  Dramatically  Enhanced  Nuclear  Alignment.  J.  Am.  Chem.  Soc. 
1987,  109,  5541-5542. 

(48)  Eisenschmid,  T.  C.;  Kirss,  R  U.;  Deutsch,  P.  P.;  Hommeltoft,  S. 
I.;  Eisenberg,  R;  Bargon,  J.;  Lawler,  R  G.;  Balch,  A.  L.  Para  Hydrogen 
Induced  Polarization  in  Hydrogenation  Reactions.  /.  Am.  Chem.  Soc. 
1987,  109,  8089-8091. 

(49)  Salnikov,  O.  G.j  Barskiy,  D.  A.;  Coffey,  A.  M.j  Kovtunov,  K  V.; 
Koptyug,  I.  V.;  Chekmenev,  E.  Y.  Efficient  Batch-Mode  Parahydrogen- 
Induced  Polarization  of  Propane.  ChemPhysChem  2016,  17,  3395— 
3398. 

(50)  Kovtunov,  K.  V.;  Zhivonitko,  V.  V.;  Skovpin,  I.  V.;  Barskiy,  D. 
A.;  Koptyug,  I.  V.  Parahydrogen-Induced  Polarization  in  Heteroge¬ 
neous  Catalytic  Processes.  Top.  Curr.  Chem.  2012,  338,  123—180. 

(51)  Kovtunov,  K.  V.;  Zhivonitko,  V.  V.;  Skovpin,  I.  V.;  Barskiy,  D. 
A.;  Salnikov,  O.  G.;  Koptyug,  I.  V.  Toward  Continuous  Production  of 
Catalyst-Free  Hyperpolarized  Fluids  Based  on  Biphasic  and  Hetero¬ 
geneous  Hydrogenations  with  Parahydrogen.  J.  Phys.  Chem.  C  2013, 
117,  22887-22893. 

(52)  Kovtunov,  K  V.;  Barskiy,  D.;  Shchepin,  R  V.;  Coffey,  A.  M.; 
Waddell,  K  W.;  Koptyug,  I.  V.;  Chekmenev,  E.  Y.  Demonstration  of 
Heterogeneous  Parahydrogen  Induced  Polarization  Using  Hyper¬ 
polarized  Agent  Migration  from  Dissolved  Rh(l)  Complex  to  Gas 
Phase.  Anal.  Chem.  2014,  86,  6192— 6196. 

(53)  Kovtunov,  K.  V.;  Beck,  I.  E.;  Bukhtiyarov,  V.  I.;  Koptyug,  I.  V. 
Observation  of  Parahydrogen-Induced  Polarization  in  Heterogeneous 
Hydrogenation  on  Supported  Metal  Catalysts.  Aneew.  Chem.,  Int.  Ed. 
2008,  47,  1492-1495. 

(54)  Salnikov,  O.  G.;  Burueva,  D.  B.j  Gerasimov,  E.  Y.;  Bukhtiyarov, 
A.  V.;  Khudorozhkov,  A.  K.j  Prosvirin,  I.  P.;  Kovtunova,  L.  M.;  Barskiy, 
D.  A.;  Bukhtiyarov,  V.  I.;  Kovtunov,  K  V.;  et  al.  The  Effect  of 
Oxidative  and  Reductive  Treatments  of  Titania-Supported  Metal 
Catalysts  on  the  Pairwise  Hydrogen  Addition  to  Unsaturated 
Hydrocarbons.  Catal.  Today  2017,  283,  82—88. 

(55)  Zhou,  R;  Cheng,  W.;  Neal,  L.  M.;  Zhao,  E.  W.;  Ludden,  K; 
Hagelin-Weaver,  H.  E.;  Bowers,  C.  R  Parahydrogen  Enhanced  NMR 
Reveals  Correlations  in  Selective  Hydrogenation  of  Triple  Bonds  over 
Supported  Pt  Catalyst.  Phys.  Chem.  Chem.  Phys.  2015,  17,  26121— 
26129. 

(56)  Feng,  B.;  Coffey,  A.  M.;  Colon,  R  D.;  Chekmenev,  E.  Y.; 
Waddell,  K  W.  A  Pulsed  Injection  Parahydrogen  Generator  and 
Techniques  for  Quantifying  Enrichment.  /.  Magn.  Reson.  2012,  214, 
258-262. 

(57)  Sharma,  R;  Bouchard,  L.  S.  Strongly  Hyperpolarized  Gas  from 
Parahydrogen  by  Rational  Design  of  Ligand-Capped  Nanoparticles. 
Sci.  Rep.  2012,  2,  5. 

(58)  Gloggler,  S.;  Grunfeld,  A  M.;  Ertas,  Y.  N.;  McCormick,  J.; 
Wagner,  S.;  Bouchard,  L.  S.  Surface  Ligand-Directed  Pair-Wise 
Hydrogenation  for  Heterogeneous  Phase  Hyperpolarization.  Chem. 
Commun.  2016,  52,  605— 608. 

(59)  Barskiy,  D.  A.;  Salnikov,  O.  G.;  Kovtunov,  K  V.;  Koptyug,  I.  V. 
NMR  Signal  Enhancement  for  Hyperpolarized  Fluids  Continuously 
Generated  in  Hydrogenation  Reactions  with  Parahydrogen.  J.  Phys. 
Chem.  A  2015,  119,  996-1006. 


(60)  Larichev,  Y.  V.,-  Netskina,  O.  V.;  Komova,  O.  V.;  Simagina,  V.  I. 
Comparative  XPS  Study  of  Rh/Al203  and  Rh/Ti02  as  Catalysts  for 
NaBH4  Hydrolysis.  Int.  J.  Hydrogen  Energy  2010,  35,  6501— 6507. 

(61)  Moulder,  J.  F.;  Stickle,  W.  F.;  Sobol,  P.  E.;  Bomben,  K  D. 
Handbook  of  X-Ray  Photoelectron  Spectroscopy ;  Perkin-Elmer:  Eden 
Prairie,  MN,  1992. 

(62)  Blazina,  D.;  Duckett,  S.  B.;  Dunne,  J.  P.;  Godard,  C. 
Applications  of  the  Parahydrogen  Phenomenon  in  Inorganic 
Chemistry.  Dalton  Trans.  2004,  2601— 2609. 

(63)  Duckett,  S.  B.;  Newell,  C.  L.;  Eisenberg,  R  Observation  of  New 
Intermediates  in  Hydrogenation  Catalyzed  by  Wilkinson’s  Catalyst, 
RhCl(PPh3)3,  Using  Parahydrogen-Induced  Polarization.  J.  Am.  Chem. 
Soc.  1994,  116,  10548-10556. 

(64)  Ratajczyk,  T.;  Gutmann,  T.;  Dillenberger,  S.;  Abdulhussaein,  S.; 
Frydel,  J.;  Breitzke,  H.;  Bommerich,  U.;  Trantzschel,  T.;  Bernarding,  J.; 
Magusin,  P.  C.  M.  M.;  et  al.  Time  Domain  Para  Hydrogen  Induced 
Polarization.  Solid  State  Nucl.  Magn.  Reson.  2012,  43—44,  14—21. 

(65)  Dechent,  J.  F.;  Buljubasich,  L.;  Schreiber,  L.  M.;  Spiess,  H.  W.; 
Muennemann,  K  Proton  Magnetic  Resonance  Imaging  with  Para- 
Hydrogen  Induced  Polarization.  Phys.  Chem.  Chem.  Phys.  2012,  14, 
2346-2352. 

(66)  Prina,  I.;  Buljubasich,  L.;  Acosta,  R  H.  High-Resolution 
Hyperpolarized  J-Spectra  with  Parahydrogen  Discrimination.  J.  Phys. 
Chem.  Lett.  2013,  4,  3924-3928. 

(67)  Acosta,  R  H.;  Prina,  I.;  Buljubasich,  L.  In  Gas  Phase  NMR-,  The 
Royal  Society  of  Chemistry:  2016;  Chapter  9,  pp  304—335. 

(68)  Buljubasich,  L.;  Prina,  I.;  Franzoni,  M.  B.;  Miinnemann,  K.; 
Spiess,  H.  W.;  Acosta,  R  H.  High  Resolution  Para-Hydrogen  Induced 
Polarization  in  Inhomogeneous  Magnetic  Fields.  J.  Magn.  Reson.  2013, 
230,  155-159. 

(69)  Pravdivtsev,  A.  N.;  Ivanov,  K.  L.;  Yurkovskaya,  A.  V.;  Vieth,  H.- 
M.;  Sagdeev,  R  Z.  New  Pulse  Sequence  for  Robust  Filtering  of 
Hyperpolarized  Multiplet  Spin  Order.  Dokl.  Phys.  Chem.  2015,  465, 
267-269. 

(70)  Ivanov,  K  L.;  Petrova,  M.  V.;  Lukzen,  N.  N.;  Sagdeev,  R  Z. 
Separation  of  Integral  and  Multiplet  Nuclear  Polarization  by  Means  of 
Spin  Echo  Magnetization  Phase  Analysis.  Dokl.  Phys.  Chem.  2009,  427, 
121-124. 

(71)  Kovtunov,  K  V.;  Romanov,  A.  S.;  Salnikov,  O.  G.;  Barskiy,  D. 
A.;  Chekmenev,  E.  Y.;  Koptyug,  I.  V.  Gas  Phase  UTE  MRI  of  Propane 
and  Propene.  Tomography  2016,  2,  49—55. 

(72)  Pravica,  M.  G.;  Weitekamp,  D.  P.  Net  NMR  Alighnment  by 
Adiabatic  Transport  of  Parahydrogen  Addition  Products  to  High 
Magnetic  Field.  Chem.  Phys.  Lett.  1988,  145,  255—258. 

(73)  Bond,  G.  C.  Metal-Catalysed  Reactions  of  Hydrocarbons-,  Springer: 
2005;  Vol.  2. 

(74)  Bond,  G.  C.;  Turkevich,  J.  The  Reaction  of  Propylene  with 
Deuterium  over  a  Platinum  Catalyst.  Trans.  Faraday  Soc.  1953,  49, 
281-291. 

(75)  Bond,  G.  C.;  Phillipson,  J.  J.;  Wells,  P.  B.;  Winterbottom,  J.  M. 
Hydrogenation  of  Olefins.  Part  1. -Hydrogenation  of  Ethylene, 
Propylene  and  the  N-Butenes  over  Alumina-Supported  Platinum  and 
Iridium.  Trans.  Faraday  Soc.  1964,  60,  1847—1864. 


10046 


DOl:  10.1 021  /acs.jpcc.7b02506 
J.  Phys.  Chem.  C  2017,  121,  10038-10046 


Article 


THE  JOURNAL  OF 

PHYSICAL  CHEMISTRY 


pubs.acs.org/JPCC 


Aqueous,  Heterogeneous  para- Hydrogen-Induced  15N  Polarization 

Liana  B.  Bales,'  Kirill  V.  Kovtunov,*’3  Danila  A  Barskiy,0  Roman  V.  Shchepin,  Aaron  M.  Coffey,0 
Larisa  M.  Kovtunova/  Audrey  V.  Bukhtiyarov,  Matthew  A  Feldman,0  Valerii  I.  Bukhtiyarov,3'" 
Eduard  Y.  C hekmene v, * ,±,w,°  Igor  V.  Koptyug,  and  Boyd  M.  Goodson*'1  V® 

Department  of  Chemistry  and  Biochemistry,  and  VMaterials  Technology  Center,  Southern  Illinois  University,  Carbondale,  Illinois 
62901,  United  States 

"International  Tomography  Center  SB  RAS,  Novosibirsk  630090,  Russia 
^Novosibirsk  State  University,  Novosibirsk  630090,  Russia 
^Boreskov  Institute  of  Catalysis  SB  RAS,  Novosibirsk  630090,  Russia 

"""Department  of  Biomedical  Engineering  and  Physics,  Vanderbilt-Ingram  Cancer  Center  (VICC),  and  °Vanderbilt  Institute  of 
Imaging  Science  (VUIIS),  Department  of  Radiology,  Vanderbilt  University  Medical  Center,  Nashville,  Tennessee  37232,  United 
States 

#Russian  Academy  of  Sciences,  Moscow  119991,  Russia 


Q  Supporting  Information 


9^  CHj  H 

H3CJY~A  H3C— n-hc(  H 

^00^  w  * 


ABSTRACT:  The  successful  transfer  of  para- hydrogen- 
induced  polarization  to  1SN  spins  using  heterogeneous 
catalysts  in  aqueous  solutions  was  demonstrated.  Hydro¬ 
genation  of  a  synthesized  unsaturated  15N-labeled  precursor 
(neurine)  with  parahydrogen  (p-H2)  over  Rh/TiCb  heteroge¬ 
neous  catalysts  yielded  a  hyperpolarized  structural  analogue  of 
choline.  As  a  result,  15N  polarization  enhancements  of  over  2 
orders  of  magnitude  were  achieved  for  the  lsN-labeled 
ethyltrimethylammonium  ion  product  in  deuterated  water  at 
elevated  temperatures.  Enhanced  15N  NMR  spectra  were 
successfully  acquired  at  9.4  and  0.05  T.  Importantly,  long 
hyperpolarization  lifetimes  were  observed  at  9.4  T,  with  a  15N 
T|  of  ~6  min  for  the  product  molecules,  and  the  T,  of  the 

deuterated  form  exceeded  8  min.  Taken  together,  these  results  show  that  this  approach  for  generating  hyperpolarized  species 
with  extended  lifetimes  in  aqueous,  biologically  compatible  solutions  is  promising  for  various  biomedical  applications. 


D,0 


H3C— N-HC  H 


■  INTRODUCTION 

Hyperpolarization — the  creation  of  highly  nonequilibrium 
nuclear  spin  polarization — has  been  investigated  for  years  as 
a  way  to  dramatically  improve  the  detection  sensitivity  of  NMR 
and  MRI.  -  Although  many  hyperpolarization  methods  have 
been  developed,  dissolution  dynamic  nuclear  polarization  (d- 
DNP)9'10  has  become  increasingly  dominant  for  biomedical 
applications  because  of  advanced  technology  enabling  the 
preparation  of  hyperpolarized  (HP)  nuclear  spins  within  a  wide 
range  of  chemical  and  biological  systems,  including  metabolic 
MRI  contrast  agents  now  under  investigation  in  clinical 
trials.11-1  However,  the  high  costs  and  infrastructure 
associated  with  d-DNP  technology,  combined  with  relatively 
slow  production  rates,  present  a  challenge  for  many  potential 
applications. 

Approaches  exploiting  para-hydrogen-induced  polarization 
(PHIP)I+_1  could  be  attractive  alternatives  because  of  their 
dramatically  lower  costs  and  instrumentation  demands,  much 
greater  hyperpolarization  rates  (minutes  to  seconds,  even 
allowing  continuous  agent  production),  and  potential  for 
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scalability.  In  “traditional”  PHIP, 13,18  the  pure  spin  order 
from  parahydrogen  (p-H2)  gas  is  transferred  to  a  molecular 
substrate  via  the  pairwise  hydrogenation  of  asymmetric 
unsaturated  bonds,  a  process  that  is  typically  facilitated  with  a 
catalyst.  Key  recent  PHIP  developments  for  biomedical 
applications  include  the  demonstration  of  PHIP  in  aqueous 
media'  25  and  PHIP  using  heterogeneous  catalysts  (HET- 
PHIP).26  30  The  latter  approach  enables  facile  separation  of  the 
catalyst  from  the  target  molecule  and,  hence,  the  potential 
preparation  of  “pure”  HP  agents  and  catalyst  reuse.  However, 
also  of  great  importance  is  the  transfer  of  spin  order  from  the 
nascent  protons  to  substrate  heteronuclei  (e.g.,  13C),  providing 
greater  hyperpolarization  lifetimes  compared  to  *H  spins.  13C 
hyperpolarization  via  PHIP  has  been  achieved  via  both  RF- 
driven  polarization  transfer31  36  and  polarization  transfer  in  a 
magnetic  shield  (i.e.,  field  cycling),3  '  an  approach  that  very 
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recently  has  been  extended  to  HET-PHIP  conditions  to 
produce  aqueous  solutions  of  highly  polarized  13C-containing 
molecules  free  from  the  catalyst.  ’ 

Translation  of  this  approach  to  1SN  spins  could  have  many 
advantages;  indeed,  Aime  and  co-workers  have  recently 
demonstrated  l3N  hyperpolarization  of  propargylcholine-lsN 
via  homogeneous  PHIP  and  field  cycling  in  a  mixture  of 
acetone  and  methanol  or  in  water.41  In  addition  to  greatly 
increasing  agent  diversity,  agents  with  HP  15N  spins  can  be 
spectrally  sensitive  to  the  local  biochemical  environment.4 1_4° 
Importantly,  15N  T1  values  are  often  considerably  longer  than 
corresponding  13C  values,43”  thereby  enabling  longer  hyper¬ 
polarization  storage  (either  for  direct  readout  or  for  transfer  to 
*H  for  more  sensitive  detection);46  52  such  T,  values  are 
expected  to  be  even  longer  at  lower  magnetic  fields."'" 

Herein,  we  report  1SN  NMR  hyperpolarization  of  a  structural 
analogue  of  choline  via  heterogeneous,  aqueous-phase  hydro¬ 
genation  of  lsN-trimethyl(vinyl)-ammonium  (i.e.,  neurine-  13N) 
bromide  over  solid  Rh/Ti02  catalysts.  The  PHIP-derived  1SN 
nuclear  spin  polarization  achieved  in  these  experiments  is  the 
first  reported  to  date  involving  heterogeneous  catalysis  and 
yielded  1SN  enhancements  of  ~2  X  102-fold  and  a  long 
relaxation  time  of  ~350  s  at  9.4  T;  deuterating  the  substrate 
yielded  weaker  enhancements  but  a  longer  relaxation  time  (1SN 
T|  »  500  s).  Finally,  significant  signal  enhancement  is  shown 
for  the  first  time  to  enable  detection  at  low  (0.05  T)  magnetic 
field  of  the  1SN  resonance  for  molecules  polarized  using  PHIP. 
For  most  of  the  heterogeneous  hydrogenation  reactions  in  this 
work,  hydrogen  gas  was  used  with  50%  p-H,  enrichment  (the 
normal  room-temperature  ratio  of  para-  to  ortho- hydrogen  is 
25/75)  prepared  with  a  home-built  generator  (more  details 
concerning  experiments,  chemical  synthesis,  and  character¬ 
ization  are  provided  in  the  Supporting  Information  (SI)). 

■  RESULTS  AND  DISCUSSION 

In  one  experiment,  freshly  produced  p-H2  was  bubbled  at  90  psi 
into  a  medium-wall  NMR  tube  (using  a  previously  developed 
setup)27,39  containing  the  target  substrate  (neurine-15N  bro¬ 
mide)  and  the  heterogeneous  catalyst  Rh/Ti02  in  water  (D20) 
at  90  °C,  causing  the  unsaturated  substrate  to  be  hydrogenated 
via  pairwise  addition.  The  reaction  was  performed  under 
ALTADENA  conditions  (i.e.,  wherein  the  hydrogenation 
reaction  was  performed  outside  of  the  magnet  at  low  field),  and 
results  are  shown  in  Figure  1  (see  also  Figures  S5  and  S8).  In 
order  to  effect  the  transfer  of  spin  order  from  nascent  *H 
substrate  spins  to  15N,  the  hydrogenation  reaction  was 
performed  by  using  a  magnetic  shield,  similar  to  the  recently 
reported  procedure — also  know  as  the  magnetic  field  cycling 
(MFC)  approach,27,  ~~  but  in  our  case,  the  hydrogenation 
reaction  was  carried  out  directly  in  the  magnetic  shield.  The 
level  of  polarization  achieved  is  strongly  dependent  upon  the 
speed  of  the  sample  transfer  from  the  low  (micro-Tesla)  field  to 
the  Earth’s  field;40  therefore,  to  avoid  related  issues,  the 
hydrogenation  reaction  was  performed  directly  in  the  magnetic 
shield,  and  only  after  the  termination  of  p-H2  bubbling  was  the 
sample  quickly  transferred  to  the  high-field  NMR  for  analysis.  A 
strong  15N  NMR  signal  was  observed  for  the  HP  product 
(Figure  IB);  however,  no  l5N  signal  was  observed  prior  to  p-H2 
bubbling  (Figure  1A). 

This  15N  NMR  enhancement  was  achieved  using  Rh/TiOz 
catalyst  with  1.0%  Rh  loading.  Importantly,  utilization  of  Rh/ 
Ti02  solid  catalyst  for  heterogeneous  PHIP  0,61  can,  in 
principle,  allow  one  to  alter  the  conversion  rate  by  varying 
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Figure  1.  (A)  15N  NMR  spectrum  of  a  0.25  M  15N-neurine  substrate 
in  the  presence  of  1.0%  Rh/Ti02  before  reaction  with  p-H2  in  D20, 
recorded  with  eight  scans  and  a  30  s  repetition  delay;  no  signal  of 
reactant  is  observed  at  58  ppm  under  these  conditions.  1SN  NMR 
spectrum  of  the  hyperpolarized  product  using  the  same  acquisition 
parameters  as  those  used  for  spectrum  acquisition  shown  in  (A)  but 
taken  with  1  scan  after  transfer  of  spin  order  to  1SN,  achieved  with  30  s 
50%-enriched  p- H2  bubbling  inside  of  the  magnetic  shield.  (C)  Same 
as  (B)  but  with  hydrogenation  occurring  over  23.2%  Rh/Ti02.  HP  1SN 
spectra  are  shown  with  an  absorptive  phase  (i.e.,  sharing  the  same 
phase  as  a  thermally  polarized  1SN  sample);  note  that  the  field  cycling 
was  not  optimized  for  polarization  transfer. 


the  Rh  fraction6"  of  the  catalytic  material  without  decreasing 
the  achieved  polarization  level  of  the  products."  To  investigate 
this  possibility  for  the  present  reaction,  a  second  Rh/Ti02 
catalyst  with  23.2%  Rh  loading  was  also  used  (Figure  1C). 
Although  an  enhanced  1SN  signal  of  the  product  is  observed 
with  the  23.2%  Rh/Ti02  catalyst,  the  signal  is  ~3.7-fold  weaker 
than  that  observed  with  the  1.0%  Rh  catalyst.  The  explanation 
comes  from  the  corresponding  :H  HET-PHIP  spectra  (Figure 
S8),  which  indicate  that,  while  the  23.2%  Rh  catalyst  does 
indeed  yield  much  higher  reaction  rates  (in  fact,  providing 
essentially  complete  conversion  of  the  substrate  in  30  s),  a 
smaller  :H  polarization  enhancement  is  achieved,  giving  rise  to 
the  weaker  15N  enhancement  in  Figure  1  (possibly  reflecting 
either  reduced  pairwise  H2  addition  or  different  :H  relaxation  of 
species  adsorbed  onto  catalyst  particles).  Thus,  the  1.0%  Rh 
catalyst  was  used  for  the  subsequent  experiments  in  this  work. 
In  any  case,  these  observations  are  the  first  reported  to  date  for 
hyperpolarization  of  !iN-containing  molecules  via  heteroge¬ 
neous  catalysis  with  1SN  polarization  derived  from  the  spin 
order  from  p-H2. 

The  effects  of  substrate  deuteration  and  increased  p-H2 
fraction  on  1SN  signal  enhancement  were  also  separately 
investigated.  Deuteration  has  previously  been  shown  to  increase 
heteronuclear  (e.g.,  13C)  Tj  in  the  context  of  PHIP63,64  and 
DNP.  Here,  following  successful  observation  of  :H  HET- 
PHIP  with  the  fully  deuterated  substrate  (neurine-15N-d12 
bromide;  see  the  SI  for  synthesis  and  Figure  S9  for  spectra), 
the  approach  described  above  was  used  to  demonstrate  15N 
enhancement  of  the  product  in  the  aqueous  phase  following 
heterogeneous  hydrogenation  (Figure  2A).  However,  the 
intensity  of  this  1SN  line  was  slightly  lower  than  that  of  the 
fully  protonated  substrate  studied  under  the  same  conditions 
(Figure  2B).  This  reduced  15N  enhancement  with  deuterated 
substrates  is  analogous  to  that  observed  with  15N  SABRE- 
SHEATH  (Signal  Amplification  By  Reversible  Exchange  in 
SHield  Enables  Alignment  to  Heteronuclei)66  and  likely  reflects 
either  enhanced  15N  relaxation  in  the  f.iT  regime  (i.e.  within  the 
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Figure  2.  (A)  Single-shot  1SN  NMR  spectrum  of  the  fully  deuterated 
substrate  (0.125  M)  solution  in  D20  obtained  after  30  s  of  p- H2 
bubbling  (50%  p- H2  fraction)  and  polarization  transfer  to  1SN  using 
the  magnetic  shield.  (B)  Same  as  (A)  but  with  the  protonated 
substrate  (0.125  M).  (C)  Same  as  (B)  but  with  an  80%  p- H2  fraction. 


magnetic  shield)  or  a  more  direct  loss  of  spin  order  into  the  2H 
spin  degrees  of  freedom  under  those  conditions. 

On  the  other  hand,  use  of  a  greater  p- H2  fraction  with  the 
protonated  substrate  did  yield  an  expected  increase  in  1SN 
signal  enhancement  (Figure  2C).  For  this  experiment,  the  p-H2 
fraction  was  increased  to  80%  using  a  cryocooler-based  p- H2 
generator  operating  at  a  temperature  lower  than  the  77  K  of  1N2 
(see  the  SI  for  details).  Increasing  the  ratio  of  para-  to  ortho- H2 
from  ~50/50  (Figure  2B)  to  ~80/20  (Figure  2C)  yielded  an 
improvement  in  the  product’s  1SN  signal  enhancement  by 
nearly  3-fold,  approaching  the  full  3-fold  increase  that  would  be 
theoretically  expected  if  100%  p- H2  had  been  used.  Taking  the 
results  from  Figures  1  and  2  together,  the  greatest  signal 
enhancement  was  achieved  using  80%  p- H2  on  the  protonated 
substrate  in  the  presence  of  1.0%  Rh/Ti02. 

In  PHIP,  quantification  of  the  sensitivity  gain  provided  by  the 
polarization  level  requires  not  only  comparison  with  a  signal 
from  a  thermally  polarized  sample  but  also  an  estimation  of  the 
efficiency  of  the  hydrogenation  reaction  (and  hence,  the 
concentration  of  the  product)  at  the  time  of  detection.  Here, 
the  HP  15N  signal  was  compared  to  the  thermally  polarized 
signal  obtained  from  a  3.2  M  15NH4C1  aqueous  solution.  Note 
that  the  spectrum  in  Figure  2C  was  obtained  after  the  first  30  s 
of  p- H2  bubbling;  comparison  with  thermal  15N  (and  *H) 
spectra  obtained  with  different  bubbling  times  allowed  the 
conversion  level  of  the  reagent  to  the  product  to  be  estimated 
at  ~10%  (see  Figure  S10C).  Therefore,  the  concentration  of 
the  product  in  Figure  2C  is  approximately  0.0125  M,  yielding  a 
corresponding  l3N  signal  enhancement  of  e  «  2  X  102 
(attempts  to  detect  polarization  of  15N  nuclei  at  natural 
abundance  were  unsuccessful). 

While  the  1SN  signal  increased  steadily  with  p- H2  bubbling 
time  for  the  first  30  s  of  reaction,  after  that  point,  the  signal 
tended  to  level  off  until  the  hydrogenation  reaction  yield 
reached  100%  (not  shown).  This  behavior  could  be  potentially 
explained  by  changes  in  relaxation  of  species  adsorbed  onto  the 


catalyst  particles.  Importantly,  the  l5N  hyperpolarization  was 
found  to  be  long-lived  at  9.4  T  for  both  the  protonated  and 
deuterated  substrates,  with  T1  decay  constants  of  348  ±10  and 
494  ±  13  s,  respectively  (Figure  3),  values  that  are  roughly  1—2 


Figure  3.  HP  15N  T,  relaxation  curves  measured  at  9.4  T  for  the 
protonated  (A)  and  deuterated  product  (B);  curves  are  exponential 
fits,  giving  the  1SN  T1  values  (not  corrected  for  ~10°  tipping-angle 
pulses)  and  error  margins.  Note  the  >2-fold  time  axis  scale  difference. 


orders  of  magnitude  longer  that  the  corresponding  lifetimes  of 
*H  hyperpolarization  and  a  factor  of  2  larger  than  that  recently 
reported  for  15N  derivatives  of  choline/ 

Finally,  because  the  magnetization  of  HP  species  is  not 
endowed  by  the  NMR/MR1  magnet,  in  principle,  strong 
magnets  are  not  required  for  detection.  To  investigate  the 
feasibility  of  performing  low-field  NMR/MRI  with  15N  spins 
hyperpolarized  by  HET-PHIP,  hydrogenation  reaction  prod¬ 
ucts  for  both  protonated  and  deuterated  substrates  were 
detected  at  0.05  T,  Figure  4.  Indeed,  1SN  NMR  resonances 
were  successfully  detected  via  low-field  1SN  NMR  spectroscopy 
at  a  210  kHz  resonance  frequency,  with  slightly  greater  signal 
observed  for  the  protonated  versus  the  deuterated  product, 
which  is  qualitatively  consistent  with  the  high-field  results. 
Higher  polarization  enhancements  enabled  by  future  exper¬ 
imental  refinements  should  boost  the  signal  to  noise  ratio  to 
allow  measurement  of  the  l5N  T1  at  low  field,  where  even 
longer  hyperpolarization  lifetimes  would  be  expected,4  thereby 
improving  storage  of  the  HP  state. 

■  CONCLUSIONS 

In  summary,  heterogeneous  Rh/TiOz  catalysts  and  MFC  were 
used  to  achieve  1SN  hyperpolarization  via  HET-PHIP  for  the 
first  time;  previous  transfers  of  spin  order  from  p- H2  to  15N 
spins  had  only  been  achieved  under  homogeneous  catalytic 
conditions  via  PHIP /MFC40  or  SABRE-SHEATH.67’68  15N 
nuclear  spin  polarization  enhancements  of  ~2  X  102  fold  (at  9.4 
T)  were  observed  in  aqueous  solutions  following  hydro¬ 
genation  of  neurine-15N  bromide  with  p- H2,  which  yielded  a 
structural  analogue  of  the  biological  molecule  choline  (the  HP 
form  of  which  has  been  shown  promising  in  vivo4  because  of 
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Frequency  (kHz) 


Figure  4.  Single-shot  low-field  (0.05  T)  HP  15N  NMR  spectra  of  (A) 
the  fully  protonated  product  and  (B)  the  fully  deuterated  product 
obtained  via  heterogeneous  hydrogenation  of  neurine-lsN  bromide 
over  a  1.0%  Rh/Ti02  catalyst  with  80%  p- H2.  Peaks  of  interest  are  at 
an  offset  of  ~(— )0.025  kHz. 


the  widespread  function  of  choline  in  cellular  metabolism  and 
its  significantly  upregulated  metabolism  in  cancer).69,70  Larger 
enhancements  were  observed  with  1.0  versus  23.2%  Rh/Ti02 
as  well  as  with  higher  p- H2  fractions;  however,  deuteration  of 
the  substrate  yielded  lower  enhancements  but  a  longer 
hyperpolarization  lifetime.  Indeed,  very  long  15N  T1  values 
were  observed  at  9.4  T  for  both  the  protonated  and  deuterated 
substrates,  ~6  and  >8  min,  respectively.  The  1SN  hyper¬ 
polarization  via  HET-PHIP  also  enabled  observation  of  1SN 
signals  at  low  (0.05  T)  field,  where  even  longer  hyper¬ 
polarization  lifetimes  are  expected,  further  demonstrating  the 
potential  for  wider  applicability  of  the  approach.  Moreover, 
these  results  also  expand  the  range  of  molecules  (including 
biomolecules)  amenable  to  HET-PHIP  hyperpolarization. 
While  the  molecule  hyperpolarized  here  lacks  the  —OH  moiety 
found  in  choline,  PHIP  precursors  for  choline  hyperpolariza¬ 
tion  have  been  previously  described.  It  should  also  be  noted 
that  the  heterogeneous  catalysts  used  (Rh/Ti02)  are  very 
stable  and  do  not  undergo  any  modifications  during  reaction 
(as  was  confirmed  by  XPS  analysis;  see  the  SI).  Therefore,  the 
absence  of  leaching  of  the  active  component  of  the  catalyst 
material  into  solution,  combined  with  the  ability  to  use  such 
supported  metal  catalysts  for  aqueous-phase  heterogeneous 
hydrogenation  (given  their  potential  for  facile  separation), 
should  allow  not  only  catalyst  recycling  and  reuse  but  also  the 
preparation  of  pure  HP  substances  free  from  the  presence  of 
the  catalyst.  Although  the  reported  polarization  values  need  to 
be  increased  further,  taken  together,  these  results  open  a  door 
to  the  rapid  and  inexpensive  creation  of  pure  agents  with  long 
hyperpolarization  lifetimes  for  various  biomedical  applications, 
including  in  vivo  molecular  MR  imaging. 
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ABSTRACT:  Parahydrogen  is  an  inexpensive  and  readily  available  source  of 
hyperpolarization  used  to  enhance  magnetic  resonance  signals  by  up  to  four  orders 
of  magnitude  above  thermal  signals  obtained  at  ~10  T.  A  significant  challenge  for 
applications  is  fast  signal  decay  after  hyperpolarization.  Here  we  use  parahydrogen- 
based  polarization  transfer  catalysis  at  microtesla  fields  (first  introduced  as  SABRE- 
SHEATH)  to  hyperpolarize  13C2  spin  pairs  and  find  decay  time  constants  of  12  s  for 
magnetization  at  0.3  mT,  which  are  extended  to  2  min  at  that  same  field,  when  long- 
lived  singlet  states  are  hyperpolarized  instead.  Enhancements  over  thermal  at  8.5  T 
are  between  30  and  170  fold  (0.02  to  0.12%  polarization).  We  control  the  spin 
dynamics  of  polarization  transfer  by  choice  of  microtesla  field,  allowing  for  deliberate 
hyperpolarization  of  either  magnetization  or  long-lived  singlet  states.  Density 
functional  theory  calculations  and  experimental  evidence  identify  two  energetically 
close  mechanisms  for  polarization  transfer:  First,  a  model  that  involves  direct 
binding  of  the  13C2  pair  to  the  polarization  transfer  catalyst  and,  second,  a  model 
transferring  polarization  through  auxiliary  protons  in  substrates. 
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Nuclear  spin  hyperpolarization  is  an  intriguing  research 
area  because  of  its  ability  to  enhance  nuclear  magnetic 
resonance  (NMR)  and  magnetic  resonance  imaging  (MRI) 
signals  by  multiple  orders  of  magnitude.1-  Hyperpolarization 
methods  are  particularly  useful  if  they  can  enhance  signals  from 
heteronuclei  such  as  13C  or  15N  because  they  can  be  installed  in 
a  wide  range  of  biomolecules,  and  they  retain  hyperpolarization 
on  extended  time  scales.'  14  At  the  same  time,  hyper¬ 
polarization  of  protons  also  has  particular  advantages,  which 
stem  from  higher  sensitivity  and  nearly  100%  natural 
abundance.  A  particularly  simple  hyperpolarization  technique 
is  para-Hj-induced  polarization  (PHIP).  '  In  particular,  when 
implemented  as  Signal  Amplification  By  Reversible  Exchange 
(SABRE)  it  allows  for  continuous  and  rapid  hyperpolarization 
directly  in  solutions. 1  In  the  SABRE  procedure,  para- H2  and 

the  target  (i.e.,  to-be-hyperpolarized)  molecules  bind  reversibly 
with  an  iridium-based  hexacoordinate  catalyst.1  At  specific 
magnetic  fields,  polarization  will  transfer  from  para- H2  to  spins 
on  the  target  molecule  driven  by  /-coupling  interactions;  for 
example  ~6. 5  mT  is  ideal  to  hyperpolarize  proton  spins.17’18 
On  the  contrary,  heteronuclei  (e.g.,  15N,  31P,  13C,  19F)  are  best 
magnetized  in  microtesla  fields  established  in  magnetically 


shielded  environments," 0  2223  an  approach  that  was  coined 
SABRE-SHEATH  (SABRE  in  Shield  Enable  Alignment  Trans¬ 
fer  to  Heteronuclei). 

However,  if  the  goal  is  to  hyperpolarize  long-lived  singlet 
states,6’”4  "  then  the  picture  changes  slightly  because  the 
conditions  for  the  transfer  of  scalar  order  have  a  different  field 
dependence.  For  example,  it  has  been  shown  that  the  singlet 
state  of  the  15N2  spin  pair  of  diazirines  is  hyperpolarized  over  a 
relatively  wide  range  of  magnetic  fields  between  a  few 
microtesla  to  ~100  mT.  These  hyperpolarized  nuclear  spin 
singlet  states  of  15N2  diazirines  display  relaxation  time  constants 
of  >20  min.  Similarly,  SABRE  was  used  to  hyperpolarize  long- 
lived  singlet  states  on  1H2  pairs,'41’"1  where  polarization  decay 
time  constants  of  >4  min  were  observed.’”  Such  long 
hyperpolarization  lifetime  promises  biomolecular  tracking  and 
imaging  of  low-concentration  analytes  on  significantly  extended 
time  scales.  In  this  article,  we  use  SABRE-SHEATH  to 
hyperpolarize  magnetization  as  well  as  long-lived  nuclear 
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Figure  1.  13C  spectra  of  naturally  abundant  (A,B)  and  13C-labeled  (C,D)  substrates  used  in  experiments.  Panels  A  and  C  show  results  for  the 
symmetrically  substituted  l,2-di(4-pyridyl)acetylene.  Panels  Band  D  are  from  the  asymmetrically  substituted  l-phenyl-2-(4-pyridyl)  acetylene.  For 
the  naturally  abundant  substrates  the  bridge  carbons  on  the  pyridyl  rings  (3,4  in  panel  A,  3  in  panel  B)  show  significant  enhancement,  while  the  one 
on  the  benzene  ring  (4  in  panel  B)  is  only  slightly  hyperpolarized.  The  13C— 13C  coupling,  JCCl  read  from  the  line-splitting  in  panel  D  is  185  Hz.  (The 
SI  also  provides  a  thermal  spectrum  in  Figure  S2.) 


A 


Figure  2.  Two  possible  polarization  transfer  catalysts  (PTCs).  Top:  3D  models  obtained  after  energy  minimization  in  the  all  electron  code  FHI-aims. 
Bottom:  Structural  formulas  of  the  PTCs  for  clarity.  (A)  Substrate  is  bound  to  all  Ir  binding  sites  via  nitrogen.  (B)  One  of  the  molecules’  triple  bond 
binds  to  the  iridium  catalyst,  which  has  a  higher  energy  than  the  structure  in  panel  A.  DFT  calculations  reveal  that  the  energy  difference  between  the 
two  proposed  complexes  is  relatively  small  (0.09  eV).  Other  possible  complexes  (with  higher  energies)  are  discussed  in  the  SI. 


singlet  states  in  carbon- 13  spin  pairs  and  find  lifetime  T1  of  12  s 
for  magnetization  and  Ts  of  2  min  for  long-lived  singlet  states  at 
0.3  mT.  Here  it  is  important  to  note  that  the  current  record  of  a 
long-lived  singlet  state  is  held  by  a  13C2  spin  pair  (hyper¬ 
polarized  by  DNP,  not  SABRE)  with  lifetime,  Ts,  of  >1  h.6 


For  the  presented  experiments,  we  designed  two  molecules 
with  various  isotopic  labeling  schemes.  We  synthesized  l,2-(4- 
pyridyl)  acetylene,  with  symmetric  structure,  and  l-phenyl-2- 
(4-pyridyl)  acetylene,  with  asymmetric  structure.  For  both,  we 
consider  isotopomers  with  naturally  abundant  13C  as  well  as 
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Figure  3.  Field-dependent  hyperpolarization  for  the  two  substrates.  (A)  (l)  a  hyperpolarized  magnetization  spectrum  hyperpolarized  at  0.17  ft'V 
(and  acquired  at  8.45  T)  for  the  symmetric  substrate  and  (2)  its  field  dependence  in  the  microtesla  range.  (B)  Experimental  and  simulated  results  of 
creating  magnetization  and  singlet  order  for  the  asymmetric  substrate  as  a  function  of  magnetic  field:  (l)  Magnetization  spectrum  hyperpolarized  at 
0.28  /aT.  (2)  Experimental  and  (3)  simulated  field  dependence  for  magnetization.  (4)  Singlet  spectrum  hyperpolarized  at  6.2  //T.  (5)  Experimental 
and  (6)  simulated  field  dependence  for  singlet  order.  In  (B3)  and  (B6),  the  highlighted  points  are  the  local  maxima  for  polarization  transfer  labeled 
by  analytically  derived  resonance  conditions  from  careful  inspection  of  the  nuclear-spin  Hamiltonian  provided  in  the  SI. 


doubly  13C-labeled  substrates  at  the  triple  bond.  The  results 
presented  in  Figure  1  indicate  that  the  acetylene  carbon  spins  as 
well  as  the  aromatic  bridge  carbon  spins  are  hyperpolarized. 
The  enhancements  are  between  30  and  170  fold  (0.02  to  0.12% 
polarization)  when  compared  with  thermal  signals  acquired  at 
8.45  T.  The  molecules  with  13C  at  natural  abundance  show  two 
to  three  times  higher  enhancements  compared  with  13C 
enriched  sites.  This  is  likely  due  to  faster  T1  relaxation  in 
13C2  pairs  as  opposed  to  T1  of  isolated  13C  spins.  An  additional 
cause  may  simply  be  the  higher  ratio  of  polarization  source  (p- 
H2)  to  target  spins  in  the  naturally  abundant  case.  ’’ 

The  hyperpolarization  transfer  from  para- H2  to  these 
substrates  occurs  via  iridium-based  polarization  transfer 
catalysts  (PTCs).  We  used  the  standard  precatalyst  [irCl(IMes) 
(COD)]  (IMes  =  l,3-bis(2,4,6-trimethylphenyl)imidazole-2- 
ylidene;  COD  =  cyclooctadiene). 18,19  We  used  substrate 
concentrations  of  30  or  160  mM  and  catalyst  concentrations 
of  2  or  10  mM  for  the  symmetric  and  asymmetric  compounds, 
respectively.  The  solvent  was  methanol-d4,  and  the  precatalyst 
was  activated  by  bubbling  para- H2  through  the  sample  for  15 


min  at  a  pressure  of  7  bar  and  a  fractional  parahydrogen 
enrichment  of  ~85%.  Thereafter,  hyperpolarization  was 
performed  according  to  the  SABRE-SHEATH  proce¬ 
dure:1  The  sample  is  exposed  to  para-H2  in  a  magnetically 
shielded  environment  outfitted  with  a  small  solenoid  coil  to 
obtain  a  controllable  microtesla  magnetic  field.  One  minute  of 
exposure  to  para- H,  is  sufficient  to  equilibrate  polarization. 
Subsequently,  the  sample  is  transferred  manually  as  quickly  as 
possible  (~8  s)  to  a  Bruker  360  MHz  (8.45T)  magnet  for  read 
out.  The  manual  transfer  time  of  8  s  is  relatively  consistent, 
with  variations  of  ~1  s. 

The  polarization  transfer  occurs  in  catalytically  active  PTCs. 
Two  possible  energetically  low  PTC  species  are  depicted  in 
Figure  2.  The  ground-state  energies  were  determined  by 
density  functional  theory  (DFT)  calculations  using  the  all¬ 
electron  FHl-aims  code.'  The  geometries  were  optimized 
using  the  PBE  parametrization  of  exchange  and  correlation35 
with  a  van  der  Waals  correction  and  the  tier  2  basis  sets. 
Scalar  relativity  was  handled  in  the  atomic  ZORA  approx¬ 
imation.  Additional  possible  configurations  and  the  corre- 
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sponding  PTC-energy  landscape  are  provided  in  the  Support¬ 
ing  Information  (SI).  Furthermore,  we  provide  'H  NMR 
spectra  of  the  hyperpolarized  hydrides  bound  to  the  iridium 
center,  demonstrating  the  presence  of  at  least  two  catalytic 
species  (see  Figure  S2C  in  the  Si).  In  this  first  study,  we  were 
not  able  to  detect  hyperpolarized  13C  signals  from  molecules 
bound  to  the  iridium  molecules.  Therefore,  we  rely  on  more 
indirect  evidence  coupled  to  ab  initio  calculations  to  determine 
likely  PTC  structures. 

In  the  first  PTC  model  (Figure  2A),  all  substrate  molecules 
bind  to  the  Ir  center  via  nitrogen.  This  is  the  energetically 
lowest  PTC  species  identified  by  us.  Here  polarization  transfers 
from  para- H2  to  the  pyridyl  protons  first  and  finally  arrives  at 
the  acetylenic  carbons  (“indirect  transfer  mechanism”).  In  the 
second  PTC  model  (Figure  2B),  the  catalyst  binds  with  the 
triple  bond  and  polarization  is  transferred  directly  to  13C  sites 
(“direct  transfer  mechanism”). 

The  spectra  displayed  in  Figure  1  could  quickly  lead  to  the 
conclusion  that  the  active  PTC  must  be  the  directly  binding 
model  (Figure  2B)  because  we  do  not  observe  hyper¬ 
polarization  from  the  ring  carbons,  other  than  from  those  in 
the  bridge  to  the  acetylene  bond.  Moreover,  we  observe 
hydrogenation,  which  most  certainly  requires  binding  of  the 
triple  bond  to  the  iridium  center.  Hydrogenation  rates  depend 
on  the  ratio  of  substrate  to  catalyst:  At  3:1  hydrogenation 
completes  in  <30  min,  however  at  above  15:1,  hydrogenation 
takes  >12  h.  In  a  single  SABRE  experiment  (with  1  min  of 
bubbling)  we  estimate  significantly  less  than  1%  hydrogenation 
at  the  15:1  ratio,  which  was  used  for  most  experiments.  We 
even  observe  hyperpolarized  hydrogenation  products  that 
display  typical  ALTADENA  type  enhancements  due  to 
incorporation  of  para- H2  (spectra  provided  in  the  Si),  still, 
keeping  in  mind  that  the  displayed  spectra  of  Figure  1  must  all 
result  from  SABRE  because  they  are  uniquely  associated  with 
the  intact,  non-hydrogenated  substrates. 

However,  these  conclusions  may  be  premature.  First,  the 
PTC  on  of  Figure  2A  is  energetically  lower.  Furthermore, 
notice  that  all  nondetected  13C  spins  are  directly  bound  to 
protons.  This  leads  to  much  faster  13C  relaxation  (a  typical  T1 
relaxation  time  for  aromatic  13C  directly  bound  to  a  proton  is 
~5  s  (see  ref  38),  whereas  T,  relaxation  constants  of  the  bridge 
carbons  are  found  to  be  1 1  ( 1 )  s  and  Tl  of  the  acetylenic 
carbons  is  12(0.5)  s  at  low  fields)  with  two  important 
consequences.  First,  the  hyperpolarization  buildup  at  these 
13C  sites  will  be  much  less  efficient,  and  second,  a  small  amount 
of  hyperpolarization  may  quickly  relax  during  the  ~8  s  sample 
transfer  from  polarization  region  into  the  magnet.  In  addition, 
we  performed  SABRE  under  optimized  condition  for  *H 
polarization  transfer  at  6.5  mT,  and  this  resulted  in  strong 
enhancement  of  the  pyridyl  ring  protons,  while  enhancement  of 
13C  was  negligible  and  XH  enhancements  on  the  distant  phenyl 
ring  were  much  smaller.  Although  bound  species  are  never 
observed  from  the  13C  spectra,  the  hydride  peaks  are  available 
in  the  SI.  We  observe  a  small  chemical  shift  difference  of  the 
hydride  peaks  (~0.2  ppm,  which  would  be  much  larger  for  the 
binding  mode  in  Figure  2B  based  on  DFT  calculation).  Finally, 
we  attempted  to  hyperpolarize  diphenyl-13C2-acetylene  (no  ring 
nitrogens)  in  the  SABRE-SHEATH  mode  and  did  not  observe 
enhancements.  All  of  these  considerations  point  to  a  strong 
contribution  of  the  PTC  shown  in  Figure  2A. 

To  investigate  this  in  more  detail,  we  performed  a  careful 
characterization  of  hyperpolarization  transfer  as  a  function  of 
microtesla  field  using  the  doubly  13C-labeled  molecules.  As 


depicted  in  Figure  3,  we  varied  the  magnetic  field  between  —12 
and  +12  pT,  accompanied  by  simulations  of  the  hyper¬ 
polarization  transfer  process. 

The  first  important  finding  is  that  we  can  directly  choose  to 
polarize  different  states  of  the  13C  pair,  magnetization  or  singlet, 
which  are  easily  distinguishable  by  their  spectra.  Magnetization 
is  easily  detected  from  both  molecules  (Figure  3Al,Bl), 
whereas  singlet  order  can  only  be  detected  immediately  from 
the  asymmetric  1 -phenyl-2- (4-pyridyl)  acetylene  because  the 
acetylenic  carbons  have  a  chemical  shift  difference  (Figure  1C). 
For  this  asymmetric  compound,  the  acetylenic  carbons  are 
strongly  coupled  at  low  fields  (Jcc  is  ~  185  Hz,  whereas  their 
chemical  shift  difference,  Ai>c,  is  <0.5  mHz).  Upon  transfer  to 
the  high  field  in  the  magnet  (8.45  T)  for  read  out,  the  chemical 
shift  difference  becomes  significantly  larger  than  the  Jcc 
coupling  (Avc  x  770  Hz),  the  carbons  are  now  weakly 
coupled,  and  the  singlet  state  is  no  longer  an  eigenstate.  The 
sample  transfer  from  low  to  high  field  transforms  I1-I2  singlet 
order  into  detectable  (llz  —  I2z),  which  gives  antiphase  signals 
in  a  pulse  acquire  experiment,  as  shown  in  Figure  3B4.  (Full 
analysis  of  singlet  order  transfer  is  provided  in  the  SI.) 
However,  for  the  symmetric  molecule,  because  the  two  carbons 
will  remain  symmetric  at  high  field,  the  singlet  state  cannot  be 
accessed  immediately.  In  principle,  access  to  the  singlet  can  be 
accomplished  by  specialized  pulse  sequences  such  as  singlet-to- 
magnetization  (S2M)39’40  or  SLIC,41’4'  yet  this  is  beyond  the 
scope  of  the  present  work. 

To  understand  the  polarization  transfer  dynamics  at 
microtesla  fields  in  detail,  we  consider  resonance  conditions 
dictated  by  the  Hamiltonian  of  the  doubly  13C  labeled 
molecule.  As  detailed  in  the  SI,  at  low  fields  of  <0.6  pT  we 
encounter  a  resonance  condition  to  polarize  magnetization, 
given  as 

ll/H  “  tfc1  =  ±/hh  (1) 

where  i^H  and  vc  are  the  frequencies  of  protons  and  carbons 
and  /HH  is  the  /-coupling  between  the  two  para- H2  derived 
hydrides  on  the  iridium.  When  solved  for  the  magnetic  field 
using  v  =  —  yB,  we  obtain  the  magnetization  transfer  field  as 

^trans  ~  —  _  ^c)  (2) 

where  yH  =  42.577  Hz/;(T  and  yc  =  10.705  Hz//tT.  When  the 
field  is  increased  to  a  few  microtesla,  additional  resonance 
conditions  to  create  magnetization  or  singlet  are  encountered. 
The  Hamiltonian  reveals  overlapping  conditions  to  create 
magnetization  and  singlet  given  as 

\vu  -  VC\  =  ±0cc  ±  /hh)  (3) 

where  Jcc  is  the  acetylenic  13C  /-coupling.  Again,  solving  for  the 
transfer  field  we  obtain 

^trans  _  —  OqC  ±  ~~  ^c)  (4) 

Equations  1  and  2  and  3  and  4  fully  encompass  the  behavior 
observed  in  Figure  3.  In  the  low-field  region,  maximum 
magnetization  transfer  is  observed  at  ~±0.34(0.l)  pT,  whereas 
there  is  negligible  singlet  buildup.  At  slightly  elevated  fields, 
both  magnetization  and  singlet  have  local  maxima/minima  at 
~±5.6(0.2)  and  ~±6.4(0.2)  pT  (see  Figure  3B).  These  values 
are  consistent  with  /HH  x  10(3)  Hz  and  /cc  x  190(5)  Hz.  Jcc 
can  also  be  estimated  from  the  hyperpolarized  NMR  spectrum 
of  the  free  form  where  we  find  Jcc  =  185  Hz  (see  Figure  ID). 
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By  numerical  simulations  of  the  spin  dynamics,  we  confirm 
that  the  general  behavior  is  largely  independent  of  the 
polarization  transfer  mechanism  (direct  to  13C2  (Figure  2B) 
versus  indirect  via  auxiliary  protons  (Figure  2A);  see  the  SI  for 
details).  However,  the  numerical  value  of  Jcc  strongly  depends 
on  the  exact  nature  of  the  PTC.  We  have  performed  first- 
principles  calculations  of  the  relevant  /-couplings  using  the 
FHI-aims  code.  We  used  the  PBE  parametrization  for 
exchange  and  correlation  and  the  fully  uncontracted  cc-Pv5Z4  ’ 
basis  sets  ( tier  2  for  iridium  4).  The  ab  initio  calculations 
predict  a  Jcc  of  ~191  Hz  for  substrate  bound  via  nitrogen 
(Figure  2A)  versus  a  Jcc  of  120  Hz  for  substrate  bound  directly 
via  the  acetylenic  bond  (see  full  details  in  the  SI).  On  the  basis 
of  the  measurements  shown  in  Figure  3,  we  can  now  conclude 
with  more  confidence  that  the  primary  PTC  is  the  energetically 
favored  species  shown  in  Figure  2A  because  for  the  PTC  in 
Figure  2B  we  would  expect  efficient  hyperpolarization  at 
significantly  lower  fields  of  3.5  ±  0.3  ftT,  which  is  not  observed. 

Finally,  because  the  asymmetric  molecule  allows  for  easy  read 
out  of  both  singlet  state  and  magnetization,  we  can  measure 
their  lifetimes  Ts  or  T1.  As  displayed  in  Figure  4,  we  measured 


Figure  4.  T1  and  Ts  measurements  of  l-phenyl-2-(4-pyridyl) 
acetylene.  For  all  measurements,  the  sample  was  first  hyperpolarized 
in  the  shield  using  0.4  fi T  (polarize  magnetization)/6  //T  (polarize 
singlet  order)  then  positioned  at  0.3  mT  or  50  mT.  After  varying  delay 
times  the  sample  was  transferred  to  the  magnet  quickly  to  measure  the 
remaining  signal.  The  data  points  were  sampled  randomly  to  eliminate 
the  effect  of  the  slow  triple  bond  hydrogenation,  and  the  lifetime 
constants  were  obtained  using  single  exponential  fit. 


Ts  at  0.3  and  50  mT  and  fit  with  exponential  decay  constants  of 
117(7)  and  69(4)  s,  respectively.  For  comparison,  we  measured 
T|  at  the  field  where  it  has  longer  Ts  (0.3  mT)  and  find  that 
magnetization  decays  much  more  rapidly  with  exponential 
decay  constant  T,  of  12(0.5)  s.  The  T1  lifetime  of  the  13C2  pair 
at  8.45  T  is  measured  as  8(0.4)  s. 

In  conclusion,  we  demonstrated  that  both  magnetization  and 
long-lived  singlet  order  can  be  induced  on  13C2  using  SABRE- 
SHEATH.  Hyperpolarization  lifetime  is  extended  to  ~2  min,  or 
10  times  Tt.  Furthermore,  we  describe  direct  hyperpolarization 
of  long-lived  singlet  order  by  SABRE-SHEATH  when  the  J- 
coupling  in  the  targeted  spin  pair  is  much  larger  than  the  /HH 
coupling  between  the  hydrides.  This  is  in  contrast  with  the  first 
demonstration,  of  heteronuclear  (l3N2)  long-lived  states 
hyperpolarized  by  SABRE,  where  and  /HH  were  comparable 
in  size,  leading  to  a  resonance  condition  that  is  matched  at  a 
broad  range  of  fields, "  1  raising  the  question  if  long-lived  states 
could  be  hyperpolarized  when  /NN  or  Jcc  are  much  larger.  Here 
we  have  shown  that  specific  microtesla  fields  work  in  that  case. 
Hyperpolarization  levels  and  enhancements  remained  relatively 
low  in  this  first  demonstration.  A  likely  culprit  are  the 


quadrupolar  14N  nuclei,  as  we  are  finding  that  quadrupoles 
act  as  highly  efficient  polarization  sinks  at  microtesla  fields.44 
Therefore,  we  could  likely  boost  hyperpolarization  by  addi¬ 
tional  1SN  labeling  of  our  substrates  and  other  strategies 
detailed  in  the  literature.40-4  Finally,  we  have  also  assembled 
clear  evidence  of  at  least  two  potential  PTC  species  that 
simultaneously  exist  in  solution.  (For  example,  hydrogenation 
occurs,  which  requires  direct  binding  of  the  13C2  triple  bond  to 
Ir.  At  the  same  time,  the  :H  SABRE  experiments  presented  in 
Figure  S2B  of  the  SI  show  strongest  :H  enhancements  of  the 
ortho  protons,  which  requires  polarization  transfer  in  N-bound 
substrates.)  Unraveling  these  questions,  we  presented  argu¬ 
ments  that  lead  us  to  believe  that  polarization  transfer  to  13C2  is 
primarily  mediated  indirectly  via  protons  in  the  substrates. 
Overall,  the  presented  results  illustrate  an  avenue  toward  simple 
and  fast  hyperpolarization  of  long-lived  13C  hyperpolarization 
with  potential  applications  in  biomolecular  MRI  or  the 
observation  of  slower  processes  by  hyperpolarized  NMR  The 
presented  advances  can  be  translated  to  biomolecules  already 
shown  to  be  amenable  to  heteronuclear  SABRE  hyper¬ 
polarization  including  nicotinamide,"' '  in  vivo  pH  sensor 
imidazole,44  hypoxia  sensor  metronidazole,43  and  others.10’50 
While  the  current  work  was  performed  in  methanol  solutions, 
recent  advances  in  heterogeneous51,3"  and  water-soluble3  3 
SABRE  catalysis  may  lead  to  in  vivo  translation  of  the  presented 
approach  for  fast  hyperpolarization  of  long-lived  13C  molecular 
probes. 
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ABSTRACT :  Signal  Amplification  by  Reversible  Exchange 
(SABRE)  is  a  fast  and  convenient  NMR  hyperpolarization 
method  that  uses  cheap  and  readily  available  para- hydrogen  as  a 
hyperpolarization  source.  SABRE  can  hyperpolarize  protons  and 
heteronuclei.  Here  we  focus  on  the  heteronuclear  variant 
introduced  as  SABRE-SHEATH  (SABRE  in  SHield  Enables 
Alignment  Transfer  to  Heteronuclei)  and  nitrogen- 15  targets  in 
particular.  We  show  that  15N-SABRE  works  more  efficiently  and 
on  a  wider  range  of  substrates  than  ^-SABRE,  greatly 
generalizing  the  SABRE  approach.  In  addition,  we  show  that 
nitrogen- 15  offers  significantly  extended  Tl  times  of  up  to  12 
minutes.  Long  T1  times  enable  higher  hyperpolarization  levels 
but  also  hold  the  promise  of  hyperpolarized  molecular  imaging 
for  several  tens  of  minutes.  Detailed  characterization  and  optimization  are  presented,  leading  to  nitrogen-15  polarization  levels  in 
excess  of  10%  on  several  compounds. 


■  INTRODUCTION 

Hyperpolarization  techniques  enhance  nuclear  polarization  and 
nuclear  magnetic  resonance  (NMR)  signals  by  4  to  8  orders  of 
magnitude.1”  1  The  concomitant  increase  of  signal-to-noise  (S/ 
N)  has  opened  new  opportunities  for  in  vitro  NMR  studies  such 
as  nanomolar  detection  "  11  and  in  vivo  MRI  with  direct  access 
to  metabolic  activity  on  the  molecular  level.10  20 

Signal  Amplification  By  Reversible  Exchange  (SABRE)"1  is 
the  nonhydrogenative  variant  of  para- hydrogen  induced 
polarization  (PHIP).  -  A  hydrogenation  reaction  is  not 
required,  and  substrates  can  be  hyperpolarized  continuously  or 
repeatedly.  Furthermore,  SABRE  occurs  in  the  liquid  state  at 
room  temperature  and  requires  only  inexpensive  equip¬ 
ment.  21,26,2  As  depicted  in  Scheme  1,  SABRE  uses  a  transition 
metal  catalyst  to  establish  contact  between  the  polarization 
source,  para- H2,  and  the  target  nuclei. 

Specifically,  magnetic  contact  is  established  by  the  /-coupling 
of  the  para- H,-derived  hydrides  to  the  target  nuclei  across  the 
iridium  center.  Reversible  exchange  of  hydrides  and  substrate 
leads  to  continuous  hyperpolarization  buildup  on  the  substrate 
as  long  as  fresh  para- H2  is  supplied.  Accordingly,  SABRE  has 
also  been  referred  to  as  polarization  transfer  catalysis  (PTC)."* 
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Scheme  1.  Reversible  Exchange  of  para-H2  and  Substrate  on 
the  Polarization  Transfer  Catalyst  Leads  to  Continuous 
Buildup  of  Polarization  on  the  Free  Substrate*' 


reversible  reversible 


substrate 


“The  /-couplings  in  the  polarization  transfer  complex  drive  the 
polarization  transfer.  L:  Ligands.  Rx:  arbitrary  group. 


Until  recently,  SABRE  was  primarily  focused  on  :H  nuclei, 
where  T,  is  typically  short  (several  seconds),  and  high  !H 
polarization  levels  (l%)  are  observed  predominantly  for  Lewis 
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basic  N-heterocyclic  molecules.  On  the  other  hand,  hetero¬ 
nuclei  (e.g.,  15N,  13C,  31P)  offer  long  T1  relaxation  times,  in 
particular  at  low  magnetic  fields,  and  allow  for  large  polarization 
levels  for  a  wider  variety  of  structural  motifs.  As  demonstrated 
recently,  heteronuclei  are  most  efficiently  targeted  when 
conducting  SABRE  at  magnetic  fields  of  a  few  pT  inside 
magnetically  shielded  environments  (SABRE-SHEATH). 

Here  we  focus  on  the  direct  hyperpolarization  of  nitrogen-15  at 
pT  magnetic  evolution  fields.  The  relatively  simple  exper¬ 
imental  procedure  is  shown  in  the  Supporting  Information 
video. 

The  present  contribution  presents  three  major  points.  First, 
we  demonstrate  that  the  substrate  scope  is  significantly 
expanded  with  SABRE-SHEATH.  This  is  because  nitrogen  is 
directly  bound  to  iridium,  unlike  the  protons  in  the  R-groups. 
Second,  we  show  that  long  T,  lifetimes,  in  excess  of  10  min,  can 
be  obtained  at  relatively  low  fields  in  1  T  permanent  magnets. 
This  is  significant  because  the  combination  of  low  cost 
hyperpolarization  with  low  cost  NMR  detection  sets  the  stage 
for  affordable  and  highly  sensitive  NMR  spectroscopy  and 
molecular  magnetic  resonance  imaging  (MRI).  Lastly,  we 
optimize  the  SABRE-SHEATH  process  in  detail  leading  to 
nitrogen-15  hyperpolarization  in  excess  of  10%. 

■  METHODS 

Methanol-d4  solutions  with  defined  concentrations  of  precata¬ 
lyst  ([IrCl(COD)(IMes)]j  COD  =  1,5-cyclooctadiene;  IMes  = 
l,3-bis(2,4,6-trimethylphenyl)-imidazol-2-ylidene,  substrate 
(Sub),  and  coligand  (L)  were  converted  to  catalytically  active 
solutions  of  ([lr(H)2(lMes)LJ.Sub3_a.])  by  bubbling  hydrogen 
gas  through  these  solutions.  The  pressure  was  regulated  to  10 
bar.  The  pressure  gradient  across  the  sample  was  negligible 
(<0.1  bar),  just  enough  to  establish  the  desired  flow  rate 
(typically  60  seem  «  6  ccm  at  10  bar).  The  flow  rate  is  set  with 
a  needle  valve  at  the  outlet  after  the  bubbling  stage,  directly 
venting  the  hydrogen  gas  into  a  hood. 

The  sample  volume  was  500  pL  inside  a  medium-walled  5 
mm  pressure  NMR  tube  (Wilmad  524-PV-8).  The  para- H2 
fraction  was  80—90%  unless  noted  otherwise.  After  a  suitable 
activation  period  (10  min  to  1  h),  samples  were  placed  in  a 
defined  magnetic  evolution  field  Bevo  in  the  pT  range.  Evolution 
time  in  the  shield  exceeded  the  build-up  time  to  yield  maximal 
signal  intensity.  The  T,  measurements  were  performed  from  a 
single  hyperpolarization  process  by  a  sequence  of  small  tip 
angle  (6°)  pulses.  Measurements  at  1  T  were  performed  in  a 
benchtop  NMR  instrument  (Magritek  15N-Spinsolve).  Meas¬ 
urements  at  8.45  T  were  carried  out  on  a  Bruker  Avance 
DX360  NMR  spectrometer.  See  Supporting  Information  (SI) 
for  additional  experimental  details,  a  theoretical  model  of 
SABRE-SHEATH,  as  well  as  a  video  illustrating  experiments. 

■  RESULTS  AND  DISCUSSION 

I.  Expansion  of  Substrate  Range.  The  generalized 
substrate  scope  is  illustrated  in  Table  1.  (Full  experimental 
details  are  provided  in  the  SI).  The  results  suggest  that,  in 
general,  sp  and  sp2-hybridized  1SN  sites  can  be  hyperpolarized. 
This  is  significant  because  sp  and  sp2  hybridized  nitrogens  are 
found  in  a  wide  range  of  metabolites  and  drugs. 32  It  is 
noteworthy  that  *H  enhancements  are  negligible,  except  for 
Entries  5  and  8,  formally  imidazole  and  pyridine  derivatives. 
Table  1  includes  T1  values,  where  available;  however,  they  vary 


Table  1.  15N-SAB  RE-SHEATH  Enhancements  (e)  over 
Thermal  Measurements  at  8.5  T,  Polarization  Levels,  and  T1 
in  Methanol-d,  for  Diverse  Molecular  Motifs 


Entry 


Substrate 


7i  [min] 


- 

acetonitrile 

benzonitrile 


4,400 


1.3 


21,000  6.8 


3.5 

@1T 

12 

@  1  T 


CHCA 


o 


'X). 


3,600 


4  5,000 


1.1 


1.5 


1.2 

@1T 
in  D20 


N/A 


alectinib 


5 

N"\, 

,WN 

o2n 

metronidazole 

72,000 

24 

0.6 

(a)  9.4  T 

6 

*  |] 
Me02C^Nc!^X^lJ 

Schiffbase 

7,200 

2.1 

2.2 

@1T 

7 

** 

N=N 

c\^J-c\ 

12,000 

3.5 

0.25 

Ts :  0.6 

dichloropyridazine 

@8.5  T 

8 

v> 

<° 

nh2 

ll,000la 

] 

3.4 

2.1 

(5)  1  T 

nicotinamide 

in  D20 

9 

n^nh 

imidazole 

2,000[,] 

0.58w 

0.4 

@9.4  T 

*NH 

* 

-N 

/> 

"N* 

H 

10 

y 

200[b] 

0.06 

N/A 

adenine 

11 

O 

A 

>0.01 

0.15 

Ts:  1 

diphenyldiazene 

@  8.5  T 

12 

°3C^ 

A  * 

N=N^  | 

^COOH 

15,000 

4.4 

5 

Ts:  23 

IN 

diazirine 

@0.3  mT 

“Data  obtained  with  50%  para- H2.  Enhancements  averaged  over  all 
1SN  sites.  ‘SABRE  hyperpolarizes  the  Z-isomer.  See  SI  for  additional 
information.  “*  indicates  hyperpolarized  site. 


strongly  with  concentration,  solvent,  and  magnetic  field  (see 
below). 

The  first  four  entries  are  nitriles  (sp-hybrid  15N),  commonly 
encountered  in  biologically  active  molecules  and  drugs.32 
Nitriles  have  been  reported  as  'H-SABRE  substrates,  but 
enhancements  did  not  exceed  ~60-fold  (over  9.4  T).33  In 
contrast,  with  SABRE-SHEATH,  nitriles  consistently  show 
polarization  levels  of  several  percent  (see  Table  l).  Nitriles  are 
particularly  versatile;  polarization  levels  remain  large  irrespec- 
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Table  2.  Comparison  of  Spin— Lattice  Relaxation  Times  T,  and  Signal-to-Noise  in  a  Single  90°-Acquired  Experiment  of  Dilute 
(Methanol-d,,)  and  Neat  Solutions  at  8.5  and  1  T“ 


compound 

cone.  [mM] 

Tl  (a)  8.5  T  [min] 

T,  (S>  IT  [min] 

S/N  (a)  8.5  T 

S/N  (a)  1  T 

15N-pyridine 

50 

1.05  ±  0.02 

2.06  ±  0.13 

5700 

1500 

15N-acetonitrile 

50 

2.05  ±  0.02 

3.73  ±  0.05 

5000 

2900 

lsN-benzonitrile 

50 

2.15  ±  0.02 

11.95  ±  0.35 

7300 

1400 

15N2-diazirine 

50 

0.16  ±  0.002 

4.35  ±  0.1 

1200 

1300 

pyridine 

neat  (12.4  M) 

1.5  ±  0.05 

3.31  ±  0.3 

300 

300 

pyridine-ds 

neat  (12.4  M) 

1.6  ±  0.02 

3.68  ±  0.45 

1300 

400 

acetonitrile 

neat  (19.1  M) 

2.2  ±  0.05 

2.3  ±  0.4 

1000 

200 

acetonitrile-d3 

neat  (19.1  M) 

2.36  ±  0.03 

2.01  ±  0.1 

1900 

400 

benzonitrile 

neat  (9.7  M) 

2.88  ±  0.03 

10.5  ±  1 

7100 

2600 

“Neat  solutions  have  15N  at  natural  abundance  (0.36%). 


tive  of  the  backbone  structure  or  system  composition.  Many 
substituents,  including  unsaturated  bonds,  hydroxyl  and 
carboxylic  acid  groups  are  tolerated.  Examples  are  a-cyano-4- 
hydroxycinnamic  acid  (CHCA,  entry  3)  with  potentiating 
effects  for  chemotherapy34  and  alectinib  (entry  4),  a  potent 
inhibitor  of  anaplastic  lymphoma  kinase  (ALK)  also  used  for 
the  treatment  of  nonsmall  cell  lung  cancer. 

The  remaining  entries  in  Table  1  (entries  6—12)  all  contain 
sp2-hybridized  1SN.  As  a  first  example,  metronidazole  (entry  5) 
is  an  antibiotic  also  used  as  a  hypoxia  probe.’3  Very  high 
polarization  levels  are  observed  for  this  molecule,  when 
nitrogen  is  at  its  natural  abundance  of  0.36%.  Next,  we  found 
that  15N  nuclei  in  a  wide  range  of  Schiff  bases  (entry  6),  which 
included  biologically  relevant  scaffolds,  such  as  pyridoxal 
phosphate  analogues  and  retinal  with  critical  roles  in  visual 
signaling,  hyperpolarize  well.431  4" 

Dichloropyridazine  (entry  7)  also  illustrates  the  basic 
principle:  the  15N  sites  hyperpolarize  well,  whereas  the  protons 
do  not  because  they  do  not  directly  interact  with  the  catalyst. 
This  molecule  also  is  the  first  example  with  two  adjacent  1SN 
nuclei,  offering  the  opportunity  to  store  hyperpolarization  in 
long-lived  singlet  states  characterized  by  extended  decay  time 
constants  Ts.43 

A  further  interesting  substrate  is  nicotinamide  (vitamin  B3, 
entry  8)  with  its  important  functions  in  mammalian 
metabolism.44  A  significant  opportunity  in  current  medical 
imaging  is  presented  by  imidazole  (entry  9)  which  has  a  pICA  of 
~7.1,  ideal  for  in  vivo  pH  sensing.  Furthermore,  nucleobases, 
such  as  adenine  (entry  10),  are  also  amendable  to  hyper¬ 
polarization.  Surprisingly,  enhancements  can  be  detected  for  all 
nitrogen  positions  including  the  amino  group,  presumably  due 
to  the  existence  of  the  enamine— imine  tautomer,  which  is 
structurally  similar  to  Schiff  bases  (or  indirect  polarization 
transfer).  Diphenyldiazene  (entry  ll)  exhibits  E/Z  isomerism 
induced  optically,4  ,3°  or  chemically.  Interestingly  the  Z  form 
is  hyperpolarized  exclusively  despite  the  fact  that  the  E  form  is 
thermodynamically  stable.  Enhancements  of  the  Z-form,  in 
presently  unknown  low  concentration,  significantly  exceed  40- 
fold  (see  SI).  The  last  entry,  a  diazirine  (entry  12),  stands  out 
as  it  offers  particularly  long  decay  time  constants,  T1  of  5  min 
and  Ts  of  above  20  min,  allowing  for  detection  of  enhanced 
signal  for  hours  after  polarization  buildup.  These  diazirine 
moieties  can  readily  be  incorporated  in  a  wide  range  of  drugs  or 
biomolecules  replacing  CH2—  groups.3" 

The  lowest  enhancements  are  recorded  for  imidazole  (entry 
9)43  and  adenine  (entry  10)  with  exchanging  protons  at  the  1SN 
sites.  This  causes  shorter  Tl  times  and  significant  polarization 
losses  during  transfer  to  the  detection  field  (~8  s  in  our 


experiments).  For  substrates  with  exchanging  protons  higher 
pH  values  are  associated  with  larger  enhancements  because 
deprotonated  forms  bind  to  the  catalyst  more  easily  and 
because  T1  is  longer  on  deprotonated  1SN. 

II.  Extended  Relaxation  Times.  Nitrogen-15  SABRE  is 
particularly  appealing  because  many  substrates  show  large  Tl 
times,  which  enables  the  observation  of  slow  processes,  such  as 
diffusion,  biochemical  reactions,  or  downstream  metabolic 
processes.  Table  2  lists  T1  times  and  S/N  (signal-to-noise)  for 
various  substrates  at  two  different  magnetic  fields,  8.5  and  1  T. 
Measurements  at  1  T  were  performed  in  an  inexpensive, 
portable  benchtop  NMR  instrument  (Magritek  15N-Spin- 
solve),  illustrating  the  potential  of  low-cost  high-sensitivity 
NMR  when  combining  SABRE  hyperpolarization  with 
permanent  magnet-based  technology.  Since  most  clinical  MRI 
scanners  operate  in  the  1—3  T  range,  measurements  at  1  T  are 
useful  for  future  biomedical  translation. 

The  results  clearly  show  that  times  strongly  depend  on 
the  magnetic  field  and  molecular  structure.  The  molecular 
environment  of  the  respective  spin  determines  which  relaxation 
mechanism  is  relevant.  Usually,  NMR  relaxation  is  dominated 
by  dipolar  relaxation,  caused  by  other  nearby  spins,  and  has  a 
relatively  weak  field  dependence.  However,  nitrogen- 15,  which 
is  often  far  removed  from  other  spins,  can  be  dominated  by 
chemical  shift  anisotropy  (CSA)  relaxation.  Under  these 
circumstances  a  strong  field  dependence  is  expected  because 
CSA  relaxation  scales  with  B02.5 

This  is  best  exemplified  by  lsN-benzonitrile  and  15N2- 
diazirine.  In  benzonitrile  dipolar  relaxation  is  minimized,  as 
protons  are  far  away  from  the  nitrogen  nucleus.  We  observe 
Tj  «  2.15  min  at  8.5  T  and  T1  «  11.95  min  at  1  T;  CSA 
dominates  relaxation.  In  the  15N2-diazirine  the  field  dependence 
is  even  more  pronounced.  At  8.5  T  we  measure  T1  of  ~10  s, 
but  at  1  T,  Tl  «  4.35  min.  Note  that  we  recently  also  reported 
the  relaxation  time  constant  of  the  long-lived  singlet  state  in 
diazirine  with  Ts  in  excess  of  20  min  at  B0  =  0.3  mT. 

Now  we  focus  our  attention  on  the  S/N  comparison  between 
the  investigated  magnetic  fields.  In  NMR  with  thermally 
polarized  spins,  signal  scales  with  B02,  as,  both,  polarization  and 
induction  are  proportional  to  B0.3  '34 

The  noise,  on  the  other  hand  (in  the  coil  noise  dominated 
regime),  scales  with  B01/4;  hence  S/N  scales  with  B0774.54  56 
However,  if  the  polarization  source  is  an  external  hyper- 
polarizer,  spin  polarization  is  no  longer  determined  by  B0  and 
S/N  scales  as  B0374.  The  expected  signal  loss  in  our  experiments 
when  going  from  8.5  to  1  T  is  thus  (8.5 / 1  )3/4  «  5.  However,  it 
is  evident  from  Table  2  that  measurements  at  1  T  are  on 
average  only  2.8  times  less  sensitive  than  at  8.5  T.  This  can  be 
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attributed  to  different  pickup-coil  design,  where  coil  sensitivity 
is  higher  at  1  T  as  the  inductance  in  solenoid  coils  (used  at  1  T) 
is  larger  than  in  saddle  coils  (used  at  8.5  T).s  An  additional 
factor  is  relaxation  during  sample  transfer  from  the  hyper¬ 
polarization  region  to  detection  fields  (~1  s  to  1  T,  ~8  s  to  8.5 
T).  The  latter  effect  is  best  exemplified  by  the  molecule  with 
the  most  pronounced  field  dependence  of  the  relaxation  time 
(15N2  diazirine).  In  this  case,  the  S/N  is  better  at  1  T  than  at  8.5 
T  because  of  reduced  relaxation  losses  in  1  T  experiments. 
Notice  that  the  S/N  comparisons  were  performed  without 
additional  delays  before  acquisition.  With  additional  delays,  the 
low-field  experiments  would  be  more  favorable  because  of 
extended  Tj. 

For  future  applications,  an  important  scenario  is  body-noise- 
dominated  magnetic  resonance,  as  is  the  case  for  human  MRI. 
Here  body-noise  (dielectric  loss)  dominates,  and  the  S/N  with 
thermal  magnetization  is  proportional  to  /■>  ,.  Accordingly, 
for  hyperpolarized  MRI,  S/N  is  expected  to  be  directly 
proportional  to  hyperpolarization  level  and  independent  of 
Bo/7’59  Therefore,  NMR  and  MRI  in  low  fields  are  of  great 
general  interest  as  magnet  and  RF-circuit  design  is  more 
flexible,  and  devices  are  portable  and  relatively  cheap.59'60  For 
example,  recent  advances  in  low-field  MRI  have  already  enabled 
high  performance  *H-MRI  at  fields  as  low  as  6.5  mT,  even 
using  thermal  magnetization.61  The  newest  advances,  such  as 
“External  High-Quality-factor-Enhanced  NMR”  (EHQE- 
NMR) 62  and  others,6’  lead  to  independence  of  B0,  even  for 
spectroscopic  applications  of  hyperpolarized  MR. 

Both  the  presented  T ,  lifetime  and  S/N  results  suggest  that 
NMR  and  MRI  with  hyperpolarized  heteronuclei  can  benefit 
from  low  fields.  Especially,  the  combination  of  a  simple 
hyperpolarization  technique  like  SABRE  with  low-field 
detection  appears  as  a  powerful  approach.  Costs  go  down, 
and  relaxation  times  go  up  without  sacrificing  S/N.  With 
SABRE-SHEATH,  15N-labeled  markers  can  be  hyperpolarized 
continuously  or  repeatedly,  directly  in  room-temperature 
solutions.  Thus,  low-field  NMR  and  MRI  with  SABRE  may 
enable  high  sensitivity  NMR  and  MRI  for  a  large  audience  at 
moderate  cost  with  many  applications.64'60 

III.  Analysis  of  Temperature  and  Field  Dependence. 
Enhancements  and  polarization  levels  reported  in  Table  1  are 
not  optimized  with  respect  to  all  variables  affecting  efficiency, 
i.e.,  catalyst  and  substrate  concentrations,  coligand  concen¬ 
tration,  para- H2  pressure/ flow  rate,  temperature,  magnetic  field, 
etc.  The  experimental  efforts  involved  in  globally  optimizing 
this  multidimensional  parameter  space  would  not  be  practicable 
for  all  substrates. 

Here  we  focus  on  the  dependence  of  polarization  on 
magnetic  evolution  field  Bevo  and  average  complex  lifetime  TWe 
using  a  suitable  model  system.  This  model  system  needs  to 
exhibit  large,  stable  enhancements  over  many  experiments  and 
have  a  relatively  quick  polarization  buildup  (<5  min),  and 
continuous  repetition  of  experiments  must  be  possible.  We  use 
a  system  similar  to  Mewis  et  al.,33  i.e.,  acetonitrile- 15N  (100 
mM),  IrCl(lMes)  (COD)  (5  mM),  and  pyridine  (33  mM)  in 
methanol-d4.  (Pyridine  is  added  for  stability;  without  this 
coligand  experiments  were  inconsistent.)  Note  that  :H 
enhancements  did  not  exceed  60-fold  (over  thermal  polar¬ 
ization  at  9  T),33  whereas  1SN  exhibits  more  than  4000-fold 
enhancement.  This  particular  system  composition  yields  large 
S/N  and  long-term  stability,  not  maximum  15N-polarization 
( vide  infra). 


Figure  1.  Temperature  and  field  dependence  of  SABRE-SHEATH. 
(A)  Excerpt  of  the  experimental  15N  spectra  at  different  magnetic 
evolution  fields  at  a  temperature  of  22  °C.  (B)  NMR  spectra  at 
constant  magnetic  field  but  different  temperatures.  (C)  Free  substrate 
1SN  polarization  at  different  magnetic  evolution  fields  and  temper¬ 
atures.  The  data  are  fit  to  a  simple  theoretical  model  derived  from  the 
three-spin  model  as  shown  in  Scheme  1  and  Figure  2A  Red  vs  blue 
highlights  the  180°  phase  shift. 


In  Figure  1  we  show  that  15N  polarization  strongly  depends 
on  magnetic  field  (Figure  1A)  and  temperature  during 
evolution  in  the  shield  (Figure  IB).  We  observe  that  the 
phase  of  the  hyperpolarized  signal  (with  respect  to  a  fixed 
detector  phase)  can  be  controlled  by  the  magnetic  evolution 
field  (i.e.,  180°  phase  shift  is  observed  upon  Bevo  inversion;  see 
Figure  1,  A  and  C).  This  is  a  useful  feature  for  hyper¬ 
polarization  experiments  because  it  allows  for  simple  difference 
measurements,  as  well  as  easy  distinction  of  hyperpolarized 
signals  from  the  thermal  background.  This  inversion  is 
associated  with  the  existence  of  the  two  matching  con¬ 
ditions.66’6  ' 

In  the  absence  of  chemical  exchange  we  obtain 

Bevo  =  ±[/HH  +  (/NH  +  7  nh)/4]/(i'h  -  rN)  (1) 

where  the  /  coupling  parameters  are  defined  in  Figure  2.  The 
expected  optimal  field  is  Bev0  =  ±0.3  pT.  However,  the 
experimental  data  from  Figure  1C  clearly  show  that  the  maxima 
are  shifted  to  higher  magnetic  fields  and  scale  with  the 
temperature.  These  shifts  are  caused  by  broadening  of  the 
resonance  conditions  as  a  result  of  chemical  exchange.  Shorter 
catalyst/substrate  complex  lifetimes,  at  elevated  temperatures, 
cause  broader  resonance  conditions  and  more  overlap.  In  the  SI 
we  develop  a  theory  that  includes  the  exchange  and  obtains  an 
analytical  expression  that  only  depends  on  the  /-coupling 
parameters,  the  magnetic  field,  and  the  average  catalyst  lifetime. 
We  use  this  expression  to  fit  the  data  as  illustrated  in  Figure  1C 
and  obtain  excellent  qualitative  agreement;  however,  quantita¬ 
tive  agreement  with  experimental  lifetime  is  not  obtained. 
Experimentally,  it  is  easy  to  determine  the  /-couplings  and  the 
average  lifetime  Tlife  as  depicted  in  Figure  2B.  Specifically,  the 
substrate  dissociation  limited  catalyst  lifetime68  is  monitored  by 
the  change  in  NMR  line  width  A vi  of  the  catalyst  bound  and 
free  species69 
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Figure  2.  /-coupling  and  line  width  analysis.  (A)  Exchange  between 
bound  and  free  species  (15N—CH3CN,  H2)  and  /-coupling  definitions. 
(B)  Lineshape  analysis  of  15N  spectra  (blue:  individual  Lorentzians, 
black:  experimental  trace,  pink:  overall  fit,  red:  residual  error  optimized 
to  rms-noise  level).  (C)  spectra  of  the  hydride  region  taken  under 
PASADENA  conditions.2s 


%e  =  l/MAt'bound  -  A^free))  (2) 

At  the  temperature  corresponding  to  maximum  enhancement 
(22  °C),  we  experimentally  determine  a  lifetime  of  44—46  ms. 
At  low  temperature  of  0  °C  line  widths  are  small  enough  to 
determine  relevant  /-coupling  constants  (* 2/Hh'  =  8  Hz,  3/NH  = 
1.71  Hz,  3 */NH,bound  =  1-69  Hz,  A/nh  =  2/nh  —  "/NH/  =  24  Hz). 
The  couplings  were  used  as  fixed  parameters  to  determine  the 
individual  line  positions  for  evaluation  of  the  line  widths  at 
higher  temperatures.  The  experimental  data  also  indicate  that 
the  major  chemical  species  under  our  experimental  conditions 
is  indeed  the  system  illustrated  in  Figure  2A  because  the 
nonequivalent  hydrides  indicate  different  ligands  (pyridine  and 
lvN— CH3CN)  in  the  equatorial  plane. 

IV.  Maximizing  Polarization.  After  the  above  study  of 
hyperpolarization  as  a  function  of  temperature  and  magnetic 
field,  further  optimization  requires  inspection  of  concentrations 
of  catalyst,  substrate,  and  coligand,  as  well  as  para- H2  pressure/ 
flow  rate.  Here  we  performed  a  careful  study  to  determine 
optimum  catalyst  concentration  by  conducting  a  dilution  series 
at  fixed  catalyst  loading  (csub/ccat  =  20,  see  Figure  3A).  We  find 
maximum  enhancement  at  0.25  mM  [lrCl(lMes)(COD)]  and 
5  mM  1SN— CH3CN  in  the  presence  of  0.25  mM  pyridine  as 
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Figure  3.  (A)  15N  polarization  of  1SN— CH3CN  as  a  function  of  the 
catalyst  concentration  at  fixed  catalyst  loading  of  5  mol%.  (B)  1SN 
signal  as  a  function  of  the  buildup  time  (Tb  =  40.8  s).  (C)  1SN 
polarization  as  a  function  of  the  hydrogen  flow  rate  (cCatajyst  =  0.25 
mM,  cPyridine  =  0.25  mM,  cBen,onitriIe  =  1  mM).  (D)  Comparison  of  a 
neat  1SN  pyridine  reference  (c  =  12.4  M,  pink,  thermal  8.45  T,  shifted 
by  63  ppm)  and  1SN  spectrum  of  hyperpolarized  benzonitrile  (c  =  1 
mM,  conditions  as  in  C). 
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stabilizing  coligand,  corresponding  to  P15N  =  7%  (enhancement 
of  23  000-fold  at  8.5  T).  It  is  noteworthy  that  the  maximum 

polarization  is  observed  at  the  same  catalyst  concentration 
experimentally  determined  for  1SN  pyridine  in  methanol  0  and 
neat  pyridine.  0 

For  further  optimization,  it  is  reasonable  to  expect  that  large 
T|,  specifically,  a  T 3  that  is  large  at  the  magnetic  evolution  field, 
will  increase  polarization  levels.  As  reported  in  Table  2, 
benzonitrile  stands  out  in  terms  of  long  Tt.  Therefore,  we 
tested  benzonitrile  at  optimized  concentrations.  Figure  3B 
shows  a  buildup  curve  for  benzonitrile  where  we  find  a 
relatively  long  buildup  time  constant  of  40.8  s.  Specifically,  for 
this  system  we  observe  the  highest  hyperpolarization  levels  at  a 
catalyst  loading  of  25  mol%  (0.25  mM  [lrCl(lMes)(COD)] 
activated  in  the  presence  of  one  catalyst  equivalent  of  pyridine 
0.25  mM  and  four  catalyst  equivalents  lsN-benzonitrile  (l 
mM)).  Note  that  in  absence  of  stabilizing  coligand  (pyridine) 
enhancements  drop  by  ~50%.  Large  catalyst  loading  (csub/ccat  = 

4)  leads  to  high  levels  of  polarization  because  a  low  excess  of 
substrate  increases  the  likelihood  of  a  polarization  event  per 
substrate  molecule;  this  is  consistent  with  theoretical 
predictions  by  Barskiy  et  al.6  and  experimental  findings  by 
Appleby  et  al. 

On  this  system,  we  examined  the  influence  of  para- H2  flow 
rate  at  maximized  pressure  (limited  to  10  bar  by  the 
experimental  setup)  as  depicted  in  Figure  3C.  In  the 
investigated  range,  hyperpolarization  levels  are  linearly  depend¬ 
ent  on  the  flow  rate — in  line  with  previous  studies/  At  even 
higher  flow  rates  the  sample  volume  (^bubbles  +  Viquid)  is  larger 
than  the  homogeneous  fiT  magnetic  field  region,  and 
polarization  levels  drop.  The  highest  polarization  was  obtained 
at  130  seem  at  10  bar  of  85%  para- H2.  We  obtain  16%  15N 
polarization  as  illustrated  in  Figure  3D.  The  results  indicate  that 
hyperpolarization  levels  are  limited  by  the  hydrogen  exchange 
from  gas  to  liquid  phase;  i.e.,  the  interface  area  between  bubbles 
and  solution.  We  believe  that  improvements  over  the  reported 
16%  are  within  reach  by  more  efficient  dispersion  of  para- H2. 

In  summary,  we  propose  the  following  sequence  of 
experiments:  First,  optimization  of  magnetic  field  and  temper- 
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ature,  followed  by  a  dilution  series  at  a  given  csub/ccat  ratio  to 
choose  the  best  catalyst  concentration  ccat.  At  the  identified  cca„ 
substrate  concentration  should  be  optimized.  Typically,  we  find 
that  optimal  csub  is  about  4  to  5  times  ccat  such  that  the  catalysts 
are  coordinatively  saturated  but  an  excess  of  free  substrate 
remains.  Finally,  para- H2  pressure  and  flow  should  be  chosen  as 
high  as  possible  for  a  given  setup.  We  acknowledge  that  all 
parameters  are  interdependent  such  that  multiple  cycles 
through  these  optimization  steps  may  lead  to  even  higher 
hyperpolarization  level. 

■  CONCLUSION  AND  OUTLOOK 

In  this  article  we  have  shown  that  SABRE-SHEATH  can 
hyperpolarize  a  wide  range  of  nitrogen-containing  compounds, 
often  outside  the  reach  of  'H-SABRE.  The  presented  results 
suggest  that  sp  and  sp2  hybridized  nitrogens  can  be  hyper- 
polarized,  and  1SN  polarization  of  at  least  several  percent  can  be 
obtained  easily  and  rapidly  (30  s  to  1  min)  if  no  impeding 
factors  such  as  steric  hindrance  or  proton  exchange  inhibit 
polarization  buildup.4-'43'  0 

Furthermore,  we  have  shown  that  1SN  T1  times  may  be 
extraordinarily  long  and  can  in  special  cases  exceed  10  min.  We 
obtain  extended  relaxation  times  at  relatively  low  magnetic 
fields  of  1  T,  using  a  permanent  magnet-based  spectrometer. 
The  results  are  contrasted  to  measurements  at  8.5  T  where  one 
may  observe  only  slightly  higher  S/N  (~3)  if  relaxation  delays 
are  neglected.  The  extended  T1  times  at  low  field  quickly 
compensate  for  the  S/N  losses  when  tracking  hyperpolarized 
species  on  longer  time  scales.  Moreover,  the  demonstrated 
hyperpolarization  levels  allow  for  15N  imaging30'  3  (likely 
even  in  low  magnetic  fields).  The  cited  demonstrations  show 
images  with  2X2  mm2  resolution  acquired  in  less  than  a 
second.’0 

In  addition,  polarization  transfer  strategies  from  l5N  to  *H 
have  been  developed  avoiding  detection  on  the  low 
gyromagnetic  ratio  15N  for  read-out.  4  Such  polarization 
transfer  strategies  may  increase  S/N  by  another  order  of 
magnitude. 

Finally,  we  present  a  systematic  strategy  to  optimize  SABRE- 
SHEATH  experiments  for  maximum  hyperpolarization.  The 
sequence  consists  of  optimization  of  temperature  and  fiT 
magnetic  fields,  a  dilution  series  to  determine  the  optimal 
catalyst  concentration,  and  use  of  high  para- H2  pressure  and 
flow. 

The  present  contribution  elucidates  upon  the  interplay  of 
kinetic  parameters  and  system  compositions,  as  well  as  extrinsic 
parameters  on  the  polarization  levels.  This  is  a  significant 
stepping  stone  for  optimization  of  heterogeneous  SABRE,  ’ 
SABRE  in  biocompatible  aqueous  media,  0  3'’  and  modes  to 
continuously  supply  polarized  substrates.  Such  advances,  in 
combination  with  low-cost,  low-field  MRI,  let  us  envision 
hyperpolarized  biomolecular  MRI  in  the  near  future. 
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SHEATH:  Shield  Enables  Alignment  Transfer  to  Hetero¬ 
nuclei 

para- H2:  para- hydrogen 

PHIP:  para- hydrogen-induced  polarization 

CSA:  Chemical  Shift  Anisotropy 

CHCA:  a-Cyano-4-hydroxycinnamic  acid 

S/N:  signal-to-noise  ratio 

SI:  Supporting  Information 

MRI:  Magnetic  Resonance  Imaging 

NMR:  Nuclear  Magnetic  Resonance 

rms:  root-mean-square 
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CHAPTER 


The  Physics  of  Hyperpolarized  Gas  MRI 

B.M.  Goodson,  K.  Ranta,  J.G.  Skinner,  A.M.  Coffey,  P.  Niholaou, 
M.  Gemeinhardt,  D.  Anthony,  S.  Stephenson,  S.  Hardy, 

J.  Owers 'Bradley ,  M.J.  Barlow  and  E.Y.  C hekmenev 

INTRODUCTION 


Hyperpolarized  (HP)  gases  have  helped  realize  a  growing  list  of  potential  applications — particularly  within 
the  biomedical  and  clinical  realms.  Integral  to  their  use  are  the  properties  of  such  gaseous  agents,  as  well  as  how 
they  are  prepared,  stored,  and  delivered  to  the  sample  or  subject.  For  example,  arguably  the  most  important 
property  of  a  HP  gas — besides  its  biological  compatibility — is  the  lifetime  of  its  highly  nonequilibrium  nuclear 
spin  polarization  ("hyperpolarization").  Such  lifetimes  must  be  sufficiently  long  to  allow  hyperpolarization  to 
accumulate  so  that  it  lasts  long  enough  for  the  agent  to  be  delivered  to  the  sample  or  target  organ  for  imaging  or 
spectroscopy.  In  turn,  this  crucial  lifetime  requirement  dramatically  limits  the  types  of  gases  that  can  serve  effec¬ 
tively  as  HP  gas  agents,  and  places  practical  constraints  on  how  the  gases  are  handled  to  best  preserve  and  utilize 
the  hyperpolarization.  On  the  other  hand,  once  delivered  the  polarization  lifetime  provides  a  powerful  means  of 
contrast — along  with  other  key  properties  like  density,  position,  motion,  spectral  frequency,  and  signal  dynamics 
from  chemical  exchange. 

The  available  methods  of  hyperpolarization  are  also  vitally  important.  Although  such  methods  were 
originally  created  and  developed  as  part  of  fundamental  physics  or  chemistry  research  with  generally  quite 
different — if  any — uses  in  mind,  biomedical  applications  have  now  grown  to  comprise  a  strong  force  driving 
the  development  of  hyperpolarization  technology.  Additionally,  such  methods  not  only  determine  the 
amounts  of  HP  gases  produced  and  polarization  levels  that  can  be  attained,  but  also  further  limit  the  viable 
choices  of  HP  gas  agents  for  potential  biomedical  applications.  To  date,  virtually  all  biomedical  HP  gas  studies 
have  involved  noble  gases,  with  small  hydrocarbons  and  other  small-molecule  gases  showing  promise. 
Such  HP  gases  may  be  generated  via  either  spin-exchange  optical  pumping  (SEOP),  metastability  exchange 
optical  pumping  (MEOP),  "brute-force"  polarization  (BFP),  dynamic  nuclear  polarization  (DNP),  and/or 
parahydrogen-induced  polarization  (PHIP).  Each  of  these  approaches  has  advantages  and  limitations,  and 
understanding  how  they  work  to  produce  and  deliver  a  given  HP  gas  is  thus  necessary  for  integration  with  a 
desired  biomedical  application. 

This  chapter  is  organized  as  follows.  First,  we  describe  the  properties  and  behavior  of  HP  gases.  Following 
an  introduction  of  the  general  properties  of  these  substances,  particular  attention  is  given  to  modes  of  relaxa¬ 
tion,  general  rules  for  care  and  handling  of  these  gases,  and  some  considerations  on  how  best  to  utilize  them  in 
magnetic  resonance  (MR)  studies  (e.g.,  with  respect  to  pulse  sequences).  Then  we  discuss  the  aforementioned 
methods  of  generating  HP  gases,  with  particular  focus  on  SEOP,  MEOP,  DNP,  and  PHIP.  The  principles 
of  each  method  are  introduced,  along  with  key  design  features  and  production  performance  of  select 
gas  "hyperpolarizers."  Finally,  we  provide  a  summary  and  conclude  with  an  outlook  for  HP  gas  approaches 
and  technological  development. 
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TABLE  2.1  MR  Properties  of  Selected  Gases  of  Interest  for  Hyperpolarized  MRI 


HP  gas 

Isotopes  of  interest 

Nuclear  spin  (I) 

Isoptope  natural 
abundance 

Gyromagnetic  ratio 
(relative  to  1H) 

Most  effective 
HP  methods 

Xenon 

l29Xe 

1/2 

26.44%, 

00.27856 

SEOP  &  DNP 

,31Xe 

3/2 

21.18% 

0.08257 

Helium 

3He 

1/2 

0.00014% 

00.76181 

MEOP  &  SEOP 

Krypton 

83Kr 

9/2 

11.55% 

00.03862 

SEOP 

Propane, 

*H 

1/2 

99.985%, 

(1) 

PHIP 

d6-propane 

13C 

1/2 

1.11% 

0.25145 

Nitrous  oxide 

,5n 

1/2 

0.37% 

00.10137 

DNP 

HP  GASES:  PROPERTIES  AND  CONSIDERATIONS 


General  Properties 

The  physical  properties  that  define  the  gas  phase  have  significant  implications  for  how  HP  gases  are  prepared 
and  administered.  For  example,  the  weak  intermolecular  forces  between  gas  particles  give  rise  to  characteristi¬ 
cally  low  densities  under  ambient  conditions — roughly  three  orders  of  magnitude  lower  than  for  condensed 
phases.  In  comparison  to  standard  magnetic  resonance  imaging  (MRI),  such  low  densities  represent  a  major  limi¬ 
tation  for  MR  detection  and  imaging,  but  this  limitation  is  more  than  compensated  by  hyperpolarization.  The 
low  viscosity  and  high  compressibility  of  gases  facilitate  rapid  transport,  storage,  and  delivery  of  HP  gases  to  the 
subject  via  the  lungs,  and  the  miscibility  of  gases  enables  rapid  and  facile  preparation  of  arbitrary  admixtures.  In 
terms  of  biological  interactions  the  gases  investigated  for  use  in  HP  MRI  are  considered  "simple"  asphyxiants, 
although  many  possess  varying  degrees  of  anesthetic  properties.  Dilution  and/or  mixing  with  O2  for  respiration 
may  be  required  for  some  applications,  which  may  in  turn  impact  signal  strength  and  the  lifetime  of  the  HP  state. 
On  the  other  hand,  the  same  solubility  of  some  gases  (e.g.,  xenon)  in  tissues  that  gives  rise  in  part  to  anesthetic 
effects  also  can  enable  MR  applications  beyond  gas-space  imaging  (particularly  those  that  exploit  chemical 
exchange  between  different  environments),  as  discussed  elsewhere  in  this  book. 

How  gases  move  and  interact  with  each  other  (and  their  surroundings)  on  the  atomic  level  has  significant 
implications  for  nuclear  spin  relaxation,  as  discussed  in  the  next  subsection.  The  restriction  of  free  diffusive 
motion,  often  quantified  by  the  apparent  diffusion  coefficient,  can  reflect  microscale  changes  in  lung  structure. 
On  the  macroscopic  level,  because  gases  expand  to  adopt  the  shape  of  their  containers,  HP  gas  imaging  allows 
investigation  of  lung  void-space  dynamics  and  the  absence  of  signal  can  map  pathological  obstruction  of  gas 
flow.  Moreover,  agent  dose  is  readily  calculated  using  the  ideal  gas  law  (with  quantities  often  measured  in 
L  •  atm,  referring  to  the  volume  and  pressure  of  the  gas).  Nevertheless,  HP  gases  must  ultimately  be  delivered  to 
subjects  under  ambient  conditions  ( ~  1  atm) — often  requiring  that  the  gas  be  expanded,  compressed,  condensed, 
and/or  sublimated  prior  to  agent  administration.  Finally,  MR  detection  of  HP  gases  obviously  requires  the  pres¬ 
ence  of  HP-storing  nuclear  spins,  and  thus  the  ready  availability  of  clinical-scale  quantities  of  a  given  gas  with 
sufficient  (naturally  abundant  or  enriched)  spins  can  influence  the  viability  of  an  approach  under  consideration. 
Some  key  MR  properties  of  selected  gases  discussed  in  this  chapter  are  provided  in  Table  2.1. 


Spin  Relaxation  Mechanisms  of  HP  Gases 

Gas-phase  nuclear  spin  relaxation  is  one  of  the  primary  determinants  of  a  prospective  HP  gaseous  agent's 
viability.  It  not  only  determines  the  lifetime  of  the  HP  state,  but  also  limits  the  level  of  polarization  that  can 
be  achieved.  Contributions  to  the  nuclear  spin  relaxation  rate  of  a  gas  can  be  categorized  into  intrinsic  (i)  and 
extrinsic  (e)  processes  (e.g..  Ref.  [1]): 

Tr1  =ri  +  re. 

For  example,  the  129Xe  T\  is  commonly  disassembled  into  five  dominating  contributions  [2]: 

Ti  1  =  rit  +  Tip  +  reo  +  reg  +  rew, 
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where  contributions  to  the  intrinsic  rate  are  from  (t)ransient  Xe2  dimers  and  (p)ersistent  Xe2  dimers,  and  extrinsic 
processes  comprise  paramagnetic  (o)xygen  interactions,  diffusion  through  magnetic  field  (g)radients,  and  (w)all 
collisions.  The  first  three  terms  can  be  quantified  by  [1,3] 


1 

f i 


[Xe]  1  +  (3.65  X  1(T3) 
56.1  h  +  4.59  h(l  +  rB[™j 


+  0.4  s  1  amg 


Xn02, 


where  rB  is  the  persistent  dimer  breakup  efficiency  of  a  secondary  gas  B  in  the  mixture  relative  to  that  of  xenon, 
and  nQ2  is  the  oxygen  concentration  in  amagats.  In  the  absence  of  O2  contamination,  typical  129Xe  T]  values  are 
limited  to  a  few  hours  and  are  dominated  by  spin  rotation  suffered  during  persistent  dimer  relaxation  and  para¬ 
magnetic  relaxation  from  wall  collisions.  Variations  in  glass,  coatings,  and  container  geometry  have  made  wall 
relaxation  contributions  notoriously  difficult  to  quantitatively  predict,  but  with  careful  preparation  and  protec¬ 
tion,  they  can  be  as  long  as  tens  of  hours  [1,4].  Wall  relaxation  is  commonly  mitigated  with  siloxane  glass  coat¬ 
ings  such  as  SurfaSil,  and  is  also  reduced  at  fields  near  a  few  Tesla  [1]. 

In  general,  intrinsic  relaxation  for  molecular  gases  is  typically  dominated  by  spin-rotation  interactions.  For 
example,  for  partially  deuterated  propane  a  Tj  of  ~6s  has  been  measured  at  low  field  [5],  necessitating  rapid 
transfer  to  samples  when  using  HP  propane.  The  Tj  for  (orf/io-)hydrogen  is  even  shorter,  on  the  millisecond  time- 
scale  (although  HP  ortho-H2  has  been  created  in  solution  [6]).  However,  loss  of  the  pure  spin  order  of  the  singlet 
state  of  para-hydrogen  requires  interconversion  with  orf/io-hydrogen,  which  can  take  weeks  if  proper  precautions 
are  taken  with  the  storage  vessel.  Intrinsic  relaxation  of  3He  is  known  to  be  slow  as  well  (Tj  ~days)  so  that  hyper¬ 
polarization  lifetime  is  typically  limited  by  the  presence  of  paramagnetic  centers  such  as  oxygen  contamination 
or  wall  impurities.  Indeed,  3He  relaxation  times  of  hundreds  of  hours  have  been  reported  [7]. 

Intrinsic  relaxation  of  quadrupolar  noble  gas  nuclei  (e.g.,  131Xe,  83Kr)  is  much  faster  and  is  usually  dominated 
by  quadrupolar  contributions  suffered  during  Xe— Xe  or  Kr— Kr  binary  exchange  [8]: 

1  /T™Xe  =  0.0395  s'1  amg'1  X  nXe, 

1  /T83Kr  =  0.0016  s'1  amg'1  X  nKl, 

where  the  n  values  are  in  density  units  of  amagat  (1  amg  is  the  number  of  gas  particles  per  unit  volume  at  1  atm 
and  0  °C).  These  lifetimes  can  be  orders  of  magnitude  faster  than  the  corresponding  intrinsic  effects  measured  in 
spin  1/2  nuclei — therefore  limiting  the  densities  that  can  be  effectively  polarized  or  stored  [9].  In  fact,  quadrupo¬ 
lar  contributions  from  van  der  Waals  complexes  and  wall  collisions  make  actual  relaxation  rates  even  higher.  On 
the  other  hand,  the  low  gyromagnetic  ratio  for  83Kr  makes  it  less  susceptible  to  dipolar  relaxation  from  the  pres¬ 
ence  of  oxygen  in  biological  environments.  While  fast  depolarization  limits  the  achievable  hyperpolarization 
magnitude  and  storage  times  for  quadrupolar  noble  gases,  it  has  also  been  shown  to  be  useful  as  a  form  of  con¬ 
trast  to  probe  surfaces,  and  fast  relaxation  may  allow  sufficiently  rapid  signal  averaging  to  potentially  support 
the  utility  of  thermal  polarizations  in  some  circumstances  [10]. 

Finally,  extrinsic  relaxation  of  each  of  these  species  can  also  be  brought  about  by  diffusion  through  magnetic 
field  gradients,  and  thus  care  should  be  taken  to  ensure  that  fields  used  to  produce  or  store  HP  gases  are  kept 
homogeneous  [2] — particularly  important  for  3He,  because  of  its  high  gyromagnetic  ratio  (Teg  «  j2)  and  otherwise 
ultralong  relaxation  times — with  no  zero-field  crossings  [11]. 


Storage  and  Delivery  Considerations  for  HP  Gases 

Besides  ensuring  its  biological  compatibility  and  safe  administration,  the  most  important  considerations  for 
using  any  HP  gas  involve  experimental  design  to  maximize  nuclear  spin  polarization  and  agent  throughput, 
achieve  efficient  HP  agent  delivery,  and  maintain  polarization  levels  as  much  as  possible  throughout  the  study. 

First,  any  contributors  to  hyperpolarization  destruction  need  to  be  addressed  within  and  "downstream"  of  the 
polarization  chamber.  Although  the  lifetime  of  a  given  gas's  polarization  is  physically  capped  by  its  intrinsic  T1 
relaxation  rate,  this  source  of  spin  destruction  is  often  small  compared  to  extrinsic  sources  of  polarization  loss 
while  transporting  and  delivering  HP  gas  for  imaging  experiments.  Indeed,  gas  polarizations  can  be  unintention¬ 
ally  destroyed  via  a  number  of  ways  in  an  experimental  setup,  including  paramagnetic  relaxation,  diffusion 
through  magnetic  field  gradients,  and  movement  of  the  gas  through  magnetic  "zero-field"  crossings. 
Paramagnetic  relaxation  can  be  mitigated  first  by  ensuring  that  all  polarizer  materials  that  can  come  in  contact 
with  the  HP  gas  have  minimal  magnetic  impurities  (e.g.,  PFA/PTFE  vs  stainless  steel),  and  that  gas  lines  are  well 
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evacuated  and/or  purged  with  ultrapure  gases  to  minimize  O2  exposure.  When  it  comes  to  HP  gas  MRI  on  aero¬ 
bic  organisms,  oxygen  exposure  will  be  unavoidable,  but  addition  of  02  to  create  breathable  admixtures  with  HP 
gas  should  be  performed  only  at  the  last  possible  step  prior  to  agent  administration.  For  HP  129Xe,  borosilicate 
glass  components  are  often  coated  with  silicon-based  polymers  (SurfraSil,  etc.)  [12,13],  thereby  limiting  paramag¬ 
netic  wall  relaxation  and  increasing  hyperpolarization  lifetimes.  However,  for  the  smaller  3He  atoms,  such  coat¬ 
ings  may  hurt  more  than  they  help — and  thus  it  can  be  important  to  choose  glass  with  minimal  paramagnetic 
impurities  (e.g.,  GE180)  [7].  For  quadrupolar  nuclei,  hydrophobic  coatings  can  accelerate  relaxation  [14]  by 
enhancing  physisorption,  and  thus  uncoated  (naturally  hydrophilic)  clean  glass  surfaces  are  desired. 

Permanent  magnets  or  smaller  auxiliary  fields  are  sometimes  used  to  accumulate  or  transport  gases  to  avoid 
field  relaxation.  Particularly  for  3He,  minimizing  field  gradients  using  homogeneous  fields  (e.g.,  Helmholtz  coils 
or  other  arrangements)  [15]  can  be  important  for  minimizing  polarization  losses.  During  the  transfer  of  a  prepared 
HP  gas  sample  to  a  subject,  special  attention  needs  to  be  placed  toward  keeping  the  applied  magnetic  field  as 
uniform  as  possible,  and  avoiding  areas  of  zero-field  crossings.  For  3He  cells,  degaussing  may  need  to  be 
performed  [16]  on  occasion  to  remove  weak  permanent  fields  that  have  developed  owing  to  impurities  embedded 
in  the  glass.  Automation  of  gas  hyperpolarizers  is  highly  desirable  for  maximizing  throughput,  maintaining 
reproducibility,  and  minimizing  errors  during  HP  gas  preparation  and  delivery,  but  fields  produced  by  some  sole¬ 
noid  valve  designs  can  be  problematic  [17].  Transit  through  a  given  gas's  phase  diagram  can  also  be  a  source  of 
relaxation.  For  example,  the  T1  of  solid  l29Xe  at  liquid-N2  temperature  (77K)  can  be  several  hours  [18,19] 
(facilitating  purification  and  storage  [20]),  but  only  if  kept  from  warming  too  close  to  the  Xe  melting  point 
(where  the  Tj  can  drop  to  seconds).  Polarized  solid  xenon  needs  to  be  maintained  in  a  strong  field  (>500  G)  in 
order  to  suppress  (1)  dipolar  relaxation  from  lattice  vacancy  hopping  [21]  and  (2)  thermal  mixing  with  fast- 
relaxing  131Xe  present  in  the  lattice  [19].  Freezing  or  dissolving  quadrupolar  gases  results  in  immediate  loss  of 
hyperpolarization  because  of  subsecond  Tjs  in  condensed  phases  unless  at  cryogenic  temperatures.  Thus,  in  addi¬ 
tion  to  the  fact  that  hyperpolarization  processes  themselves  need  to  be  monitored  for  consistent  production  of  HP 
substances,  the  seemingly  endless  ways  to  destroy  hard-won  polarization  necessitates  that  polarizers  are  designed 
to  include  in  situ  polarimetry  for  quality  assurance  of  the  HP  agent. 

Finally,  although  the  physical  mechanisms  themselves  underlying  the  hyperpolarization  processes  in  SEOP, 
MEOP,  DNP,  and  PHIP  are  sufficiently  different  that  few  generalizations  about  polarizer  design  are  discussed 
here  (the  reader  is  instead  directed  to  subsections  below),  the  use  of  gases  does  provide  some  advantages  regard¬ 
less  of  hyperpolarization  mechanism.  Importantly,  HP  gases  are  relatively  easy  to  physically  separate  from  auxil¬ 
iary  substances  (e.g.,  alkali  metals  (AMs),  radicals,  or  catalysts)  found  in  polarizers  that  may  be  toxic  or 
otherwise  undesirable  if  administered  in  significant  dosage  to  a  patient.  Additionally,  HP  gases  are  relatively 
easy  to  administer  to  a  living  subject  via  inhalation — although  alternative  approaches  wherein  the  agent  is  dis¬ 
solved  in  a  biocompatible  liquid  prior  to  administration  (e.g..  Ref.  [22])  would  ultimately  be  subject  to  similar 
sterile-path  considerations  needed  for  condensed-phase  HP  agents  [23]. 


Pulse  Sequence  Considerations 

HP  gas  delivered  by  inhalation  enters  the  lungs  as  a  bolus,  whereas  in  chemical  exchange  saturation  transfer 
using  hyperpolarized  nuclei  (Hyper-CEST)  applications  (see  chapter:  Xenon  Biosensor  HyperCEST  MRI)  a 
steady-state  supply  of  HP  129Xe  is  desired /maintained  in  other  organs  and  tissues  for  CEST-based  sensing.  In 
both  cases,  the  ultimate  goal  is  to  maximize  the  SNR  through  optimization  of  MRI  pulse  sequences  used  in  con¬ 
ventional  MRI.  Unlike  in  conventional  MRI,  where  the  consumed  (through  the  RF  excitation)  magnetization 
recovers  via  thermal  equilibration  with  the  external  magnetic  field,  a  HP  magnetization  pool  can  only  decay 
after  in  vivo  administration — i.e.,  the  hyperpolarization  can  only  be  refreshed  by  using  a  new  bolus.  As  a 
result,  pulse  sequences  used  in  HP  gas  MRI  eliminate  the  "recovery"  steps  typically  found  in  conventional 
MRI,  and  primarily  focus  on  signal  "encoding"  and  "detection"  steps,  which  typically  results  in  RF  sequences 
with  very  short  repetition  time  (TR)  [24],  The  latter  is  highly  desirable,  because  HP  gaseous  agents  have  an 
in  vivo  T]  on  the  order  of  seconds  to  tens  of  seconds  resulting  in  a  relatively  narrow  imaging  time  window.  On 
the  other  hand,  the  greatly  increased  signal  strength  provided  by  hyperpolarization  also  obviates  the  need  for 
signal  averaging.  As  a  result,  multislice  2D  and  3D  images  of  HP  gases  in  the  lungs  can  be  recorded  in  seconds 
and  on  a  single  breath-hold  [25].  In  addition  to  TR  reduction,  compressed  sensing,  where  only  a  small  fraction 
of  fc-space  is  sampled  during  imaging  acquisition,  can  be  employed — thereby  significantly  reducing  the  total 
scan  time  even  further.  This  practice  is  especially  advantageous  for  3D  sequences  [26]. 
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An  additional  complication  of  the  "nonrenewable"  nature  of  the  HP  magnetization  is  that  each  RF  pulse  con¬ 
sumes  a  nonlinear  fraction  of  the  remaining  HP  magnetization.  One  approach  is  to  use  small-angle  excitation  RF 
pulses  for  each  line  of  fc-space  [27].  The  resulting  MRI  signal  is  significantly  lower  than  that  recorded  using  a 
maximum  RF  pulse  angle  (i.e.,  90°)  with  the  benefit  that  the  bulk  of  magnetization  is  preserved  for  further  RF 
excitations.  Nevertheless,  the  accumulating  loss  of  magnetization  from  the  application  of  many  constant — even  if 
small — flip-angle  pulses  over  the  course  of  image  acquisition  can  lead  to  image  blurring  or  other  artifacts. 
Therefore,  versions  of  this  approach  often  use  variable-tipping-angle  pulses  calculated  to  compensate  for  signal 
loss  and  thereby  provide  approximately  the  same  amount  of  signal  for  each  scan  [27]. 

An  alternative  strategy  is  to  use  fast  imaging  with  steady  precession  (FISP)  [28]  sequences  [29],  where  near-90° 
RF  pulses  can  be  used  for  excitation,  and  nearly  the  entire  magnetization  pool  contributes  to  the  signal  formation 
for  each  line  of  fc-space  [30].  Once  the  signal  is  recorded  during  the  "detection"  step,  the  magnetization  is  quickly 
"rewound"  back  to  the  z-axis  for  use  in  the  next  /c-space  step.  The  advantage  of  this  second  approach  is  the  sig¬ 
nificantly  greater  SNR.  However,  these  sequences  require  that  the  T2  value  of  the  HP  gas  be  significantly  larger 
than  the  "detection"  time  period  (i.e.,  in  order  to  take  full  advantage  of  the  long  T2  of  the  HP  contrast  media). 
Furthermore,  FISP  sequences  are  more  susceptible  to  B]  and  B0  inhomogeneities  [31],  potentially  resulting  in 
imaging  artifacts. 

For  further  special  pulse  sequence  considerations  related  to  Hyper-CEST,  please  refer  to  Chapter  17,  Xenon 
Biosensor  HyperCEST  MRI. 
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Dynamic  Nuclear  Polarization 

For  nuclear  spin  I  =  Vi  nuclei  such  as  129Xe  (or  3H,  13C,  15N,  etc.),  nuclear  spin  polarization  P  in  the  high- 
temperature  limit  is  approximately  given  by  the  following  equation:  I  PI  ss "fhB0/2kT,  where  h  is  the  reduced 
Planck's  constant,  k  is  Boltzmann's  constant,  T  is  temperature  in  Kelvin,  and  7  is  the  gyromagnetic  ratio  of  the 
nucleus  in  question.  From  this  equation  it  follows  that  a  change  in  temperature  from  31  OK  (body  temperature)  to 
liquid  helium  at  4.2K  can  enhance  129Xe  P  (e.g.)  by  ~  75-fold.  Fig.  2.1  also  reveals  that  sufficiently  low  tempera¬ 
tures  in  static  magnetic  fields  of  several  Tesla  lead  to  electronic  spin  polarization  reaching  order  of  unity.  For 
example,  for  B0  =  3.35T  and  T  =  IK,  electronic  polarization  is  ~98%  as  electrons  possess  a  very  high  gyromag¬ 
netic  ratio  compared  to  protons,  or  l7e/71Hl  ~658,  I7e/7i29xel  ~2380.  Conversely,  129Xe  nuclear  polarization  is 
only  0.0947%  for  these  conditions!  In  order  for  nuclear  spin  polarization  to  reach  a  10%  under  thermal  equilib¬ 
rium  conditions,  a  sample  at  high  field  (several  Tesla)  would  generally  need  to  be  stored  at  milliKelvin  tempera¬ 
tures  (e.g.,  using  a  3He/4He  dilution  refrigerator).  Indeed,  such  time-consuming  BFP  approaches  have  been  used 
to  achieve  high  nuclear  spin  polarizations  in  different  systems,  including  noble  gases  [32—35]. 

In  a  seminal  theoretical  paper  published  in  1953  Albert  Overhauser  proposed  to  use  electron  spins  to  enhance 
nuclear  spin  polarization,  which  was  shortly  thereafter  confirmed  experimentally  by  Carver  and  Slichter  [36]. 


Boltzmann  thermal  polarization  at  3.35  T 


FIGURE  2.1  Boltzmann  thermal  polarization  of  electrons 
and  129Xe  nuclear  spins  for  B0  =  3.35 T  as  a  function  of  temper¬ 
ature.  RF  fields  facilitate  transfer  of  polarization  from  electron 
spins  to  surrounding  nuclear  spins  (e.g.,  129Xe). 
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The  process  of  DNP  utilizes  the  very  high  Boltzmann  polarization  of  unpaired  electrons  attained  at  very  low  tem¬ 
peratures  and  magnetic  field  strengths  of  several  Tesla  described  above,  and  transfers  this  polarization  via  dipo¬ 
lar  or  scalar  couplings  to  nuclear  spins  (e.g.,  'H,  13C,  1SN,  129Xe,  etc.),  thereby  dramatically  enhancing  the  nuclear 
spin  polarization  of  the  target  substances.  The  requisite  unpaired  electrons  are  typically  introduced  into  a  sample 
by  adding  persistent  radicals  [37]. 

Dissolution  DNP  (d-DNP)  is  the  DNP  approach  typically  employed  for  small  molecules  that  may  be  used  in 
biomedical  applications.  d-DNP  is  often  explained  in  terms  of  the  cross  effect,  a  three-spin  (two-electron,  one- 
nucleus)  process  in  which  the  electron  spin  transitions  are  driven  by  resonant  microwaves  and  the  difference 
in  energy  of  the  electron  spin  flips  roughly  matches  the  energy  needed  to  flip  the  nuclear  spin  [38,39].  In  the 
cross  effect,  the  electron  linewidth  generally  exceeds  the  nuclear  spin  Larmor  frequency.  The  d-DNP  hyperpo¬ 
larizer  instrumentation  was  first  introduced  in  2003  [37],  primarily  for  production  of  liquid  13C-HP  contrast 
agents.  The  device  consists  of  three  major  components:  (1)  a  superconducting  magnet  establishing  the  Bo  field 
strength;  (2)  a  helium  cryostat  connected  to  vacuum  pumps  to  cool  the  sample  to  ~1K;  and  (3)  a  microwave 
source  enabling  polarization  transfer  from  unpaired  electron  spins  to  nuclear  spins.  Such  hyperpolarizers 
include  the  commercial  platforms  of  the  HyperSense  [37]  by  Oxford  Instruments  operating  at  3.35 T  and 
1.2— 1.6K,  the  SPINlab  [23]  for  clinical  use  developed  by  GE  Healthcare  operating  at  5 T  and  1.1K,  as  well  as 
numerous  home-built  solutions. 

In  addition  to  substances  that  comprise  liquid  solutions  at  room  temperatures,  DNP  has  also  garnered  recent 
attention  as  a  means  to  hyperpolarize  gases.  For  example,  DNP  devices  have  recently  been  shown  to  be  effective 
for  hyperpolarization  of  129Xe,  reaching  PXe  ~  30%  in  about  90  min  at  ~  IK  [40]  despite  a  previously  identified 
spin-diffusion  (e->129Xe)  bottleneck  [41].  Other  experiments  have  investigated  the  potential  of  hyperpolarizing 
1'N-labeled  N2O,  with  the  idea  being  to  exploit  the  long-lived  singlet-state  lifetime  at  low  field,  quantified  by  an 
exponential  time  constant  Ts,  of  26  min  [42,43].  However,  to  date  the  production  has  been  modest — achieving 
polarizations  of  P15N  ~  10%  over  37  h  in  ~25  cc  volumes  [42]. 

The  DNP  technique  is  capable  of  efficient  129Xe  hyperpolarization  using  homogeneous  mixing  of  129Xe  and  radi¬ 
cal  agents  when  a  cosolvent  (e.g.,  ethanol  or  propanol)  is  employed  [40].  Once  129Xe  is  HP  in  the  solid  state,  it  is 
sublimated  to  leave  the  hyperpolarizer  as  a  pure  gas,  and  the  process  is  therefore  termed  sublimation  DNP  [40].  A 
key  strength  of  this  approach  is  a  relatively  widespread  network  of  DNP  hyperpolarizers.  Limitations  of  using 
DNP  for  hyperpolarizing  gases  include  (1)  the  relatively  high  costs  associated  with  device  purchase,  operation, 
and  maintenance  and  (2)  relatively  low  throughput  («100  scc/h)  and  scalability  (e.g.,  the  ease  by  which  produc¬ 
tion  could  be  scaled  by  an  order  of  magnitude).  For  129Xe,  polarization  levels  are  also  generally  lower  than  what 
can  be  achieved  with  available  SEOP  polarizers,  although  the  aforementioned  improvements  in  the  technology  for 
producing  HP  129Xe  via  DNP  [40]  may  ultimately  allow  129Xe  polarizations  to  approach  unity  using  this  technique. 


Spin-Exchange  Optical  Pumping 


SEOP  History  and  Theoretical  Background 

SEOP  is  a  method  of  generating  high  polarizations  in  noble  gas  nuclei.  Spin  order  is  derived  from  circularly 
polarized  laser  light  used  to  selectively  deplete  one  of  the  electronic  ground  states  of  an  alkali  metal  (AM),  typically 
Rb,  Cs,  or  K.  Gas-phase  collisions  then  transfer  polarization  from  the  AM  electrons  to  the  noble  gas  nuclei  via 
Fermi-contact  interactions. 

It  was  in  Kastler's  pioneering  work  [44]  where  the  ability  to  use  light  to  polarize  electron  spins  was  first  dem¬ 
onstrated.  Polarization  of  the  nuclei  of  noble  gases  via  spin  exchange  with  optically  pumped  AM  vapors  was 
later  demonstrated  by  Bouchiat  et  al.  [45]  and  Grover  [46],  leading  to  detailed  study  and  advancement  of  the 
SEOP  approach  by  Happer,  Cates,  Walker,  and  many  others  (e.g..  Refs.  [47—51]). 

SEOP  is  most  commonly  used  to  polarize  nuclear  spin  Vi  129Xe  and  3He,  though  it  is  also  possible  to  polarize 
the  quadrupolar  species  21Ne  [52,53],  83Kr  [14],  and  131Xe  [9]  (where  1  =  3/2,  9/2,  3/2,  respectively).  Rb  is  often 
the  AM  of  choice  due  to  its  low  melting  point  [54]  facilitating  vaporization,  and  the  availability  of  high-powered, 
frequency-narrowed  lasers  tunable  to  the  Dj  transition  [55,56]. 

The  polarization  of  the  AM  electrons  (Fig.  2.2A),  Pam/  is  determined  by  the  optical  pumping  rate  7op  and  the 
rate  of  spin-destruction  lost  to  nonangular-momentum-conserving  interactions,  Tsd  [52]: 


Pam(z,  r) 


7op  (z,r) 

7op(2’  r )  +  Tsd  ’ 
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FIGURE  2.2  The  two-step  process  of  SEOP.  (A)  First  step:  Optical  pumping  of  the  electronic  spins  of  an  AM  vapor  (Rb);  hyperfine  split¬ 
tings  caused  by  the  presence  of  the  Rb  nuclear  spins  are  omitted  for  clarity.  (B,C)  Second  step:  Spin  exchange  between  the  Rb  electron  and 
noble  gas  (here,  Xe)  nuclear  spin  during  binary  (B)  and/or  three-body  (C)  gas-phase  collisions. 


where  both  Pam  and  7op  are  a  function  of  position  within  the  OP  cell.  7op  is  determined  by  the  frequency 
overlap  between  the  laser's  spectral  profile  and  the  pressure-broadened  AM  D!  transition  line,  and  Tsd  is  the 
electronic  spin-destruction  rate  [52]: 


PSD  =  E/SD-IM,-], 

where  k'SD  quantifies  the  rate  of  spin-destroying  collisions  with  each  of  the  2th  gas  species  present  in  the  cell  and 
[M,]  is  the  number  density  of  that  species.  At  any  significant  distance  from  the  cell  walls,  collisions  with  Xe  typi¬ 
cally  dominate  the  AM  electronic  spin  destruction;  has  been  measured  to  be  orders  of  magnitude  greater 
than  and  k ^  [57,58] — a  fact  that  makes  it  more  difficult  to  hyperpolarize  129Xe  at  higher  xenon  densities 
(alkali— alkali  collisions  may  also  be  relevant  during  3He  pumping). 

Once  the  AM  vapor  is  polarized,  angular  momentum  may  be  transferred  from  the  AM  electron  spins  to  the 
nuclei  of  the  noble  gas  (NG)  through  gas-phase  collisions.  This  spin-exchange  process  may  be  mediated  by  two 
distinct  mechanisms:  "two-body"  transient  dimers  (brief  AM— NG  interactions — simple  collisions.  Fig.  2.2B)  or 
"three-body"  persistent  dimers  (longer  interactions  between  an  AM  atom  and  a  heavy  NG  atom,  where  a  third 
species  facilitates  the  formation  and  destruction  of  van  der  Waals  complexes;  Fig.  2.2C).  For  example,  for  3FIe 
only  two-body  collisions  contribute  to  spin  exchange,  but  for  129Xe,  more  complex  collision  mechanisms  can  con¬ 
tribute  significantly — with  the  more-efficient  three-body  term  dominating  under  conditions  of  low  gas  density 
(particularly  Xe  density)  [48].  Since  AM/Xe  interactions  are  often  not  spin-conserving,  the  probability  of  the  AM 
electron  spin  order  being  transferred  to  the  noble  gas  nuclei  in  any  one  collision  is  low.  Flowever,  AM  polariza¬ 
tion  lost  to  collisions  is  quickly  recovered  by  photon  reabsorption,  so  that  order  lost  to  spin-rotation  interactions 
is  quickly  regained — provided  the  resonant  photon  flux  is  sufficiently  high. 

The  AM  electron  spin  polarization  reaches  steady  state  on  a  timescale  much  faster  than  the  spin-exchange  rate 
(7se),  and  thus  the  nuclear  spin  polarization  of  the  NG  accumulates  over  time  according  to  simple  exponential 
behavior.  For  example,  for  129Xe  the  time-dependent  polarization  is  governed  by  [52] 

Pxe  =  <-Pam(z,T»  ■  (7sE7^ErxJ  '  [l  -  exp[  -(7se  +  rXe)f]  J, 
where  (Pam(z>  r))  is  the  spatially  averaged  AM  polarization,  rXe  =  (T iXe)-1,  and  7se  is  given  by  [52] 

where  [AM],  [Xe]  are  number  densities,  7AMXe  is  the  three-body  interaction  rate,  (au)  is  the  velocity-averaged 
binary  SE  cross-section,  and  the  factor  1/(1  -l-br)  accounts  for  the  ratio  of  nitrogen  to  xenon  in  the  cell  and  their 


HYPERPOLARIZED  AND  INERT  GAS  MRI 


30 


2.  THE  PHYSICS  OF  HYPERPOLARIZED  GAS  MRI 


relative  efficiencies  in  facilitating  formation/breakup  of  persistent  dimers  (br  =  0.275  ■  (N2  pressure) /(Xe  pres¬ 
sure)).  Thus,  the  SE  rate  7SE  is  proportional  to  the  AM  density.  Moreover,  as  discussed  above  the  relaxation  rates 
of  129Xe  and  3He  are  typically  much  slower  than  the  SE  rates  during  SEOP,  allowing  the  NG  polarization  to  ulti¬ 
mately  approach  (Pam(z,  T))  in  some  circumstances.  These  long  relaxation  times  also  facilitate  HP  gas  storage 
and  transport. 

SEOP  Instrumentation 

A  number  of  essential  experimental  components  are  required  to  conduct  an  SEOP  experiment  (illustrated  in 
Fig.  2.1):  (1)  an  optical  pumping  cell  made  typically  of  borosilicate  (Pyrex)  glass,  containing  a  small  quantity  of 
AM  and  the  noble  gas  to  be  polarized;  (2)  an  oven  to  vaporize  the  AM  and  control  the  temperature  during  (and 
between)  SEOP  runs;  (3)  a  magnetic  field  of  tens  of  Gauss;  and  (4)  a  source  of  circularly  polarized  laser  light 
tuned  to  the  optical  D]  transition  of  the  AM  [49]. 

Polarizers  harness  the  SEOP  process  to  produce  large  quantities  of  HP  gas  for  use  in  further  applications. 
In  these  applications  it  is  often  high  magnetization — the  product  of  the  HP  noble  gas  (HPNG)  polarization  and 
concentration — that  is  desired.  Polarizers  are  therefore  often  designed  to  optimize  these  parameters.  Broadly, 
these  SEOP  devices  are  typically  divided  into  two  categories  based  on  their  modes  of  operation  and  design 
features — stopped-flow  polarizers  and  continuous-flow  polarizers — as  described  below. 

STOPPED-FLOW  POLARIZERS 

In  stopped-flow  polarizers  [11,25,59—66]  (Fig.  2.3A— C)  the  optical  cell  is  sealed  during  SEOP  and  holds  a  static 
quantity  of  gas  mixture  that  is  heated  using  an  oven  and  optically  pumped  with  a  high-powered  laser  source. 
Steady-state  nuclear  polarization  is  typically  achieved  within  minutes  or  tens  of  minutes  for  129Xe  [25],  83Kr  [10], 
131Xe  [9,69],  and  21Ne  [70],  and  hours  for  3He  [71],  at  which  point  the  cell  can  be  cooled  within  the  oven — thereby 
condensing  the  AM  vapor  on  the  inner  surface  of  the  optical  cell,  and  allowing  for  the  extraction  of  the  HP  gas 
mixture  for  use  in  experiments  [25,65]. 

CONTINUOUS-FLOW  POLARIZERS 

In  continuous-flow  polarizers  [20,68,72— 78]  the  gas  mixture  flows  through  a  heated  optical  pumping  cell 
where  it  undergoes  SEOP  with  AM  vapors  during  transit  through  the  cell.  The  now-polarized  gas  can  then  be 
flowed  continuously  into  an  experiment,  recirculated  through  the  polarizer  [75,78],  or — in  the  case  of  xenon — 
cryogenically  collected  using  a  cold  finger  submerged  in  liquid  nitrogen  at  high  field  [21].  At  77K  129Xe  solidifies 
while  largely  maintaining  its  polarization.  The  accumulation  time  is  constrained  however  by  the  Ti  of  xenon  in 
the  solid  phase  (~3  h  at  77K)  [19—21].  Cryogenic  collection  is  not  practical  for  the  quadrupolar  HP  nuclei,  as  the 
T]  values  are  far  too  short  in  the  solid  state.  A  diagram  of  one  continuous-flow  design  is  provided  in  Fig.  2.3D  [68]. 
This  variant  employs  a  "counterflow"  design  wherein  the  premixed  gas  (containing  129Xe  to  be  HP)  flows  toward 
the  incident  laser  light,  such  that  the  gas  mixes  with  the  most  highly  polarized  Rb  vapor  before  leaving  the  OP 
cell.  To  mitigate  deleterious  Rb-induced  thermal  runaway  [73,79,80] — and  possibly  the  formation  of  Rb  clusters 
[81] — the  majority  of  the  Rb  within  the  system  resides  outside  of  the  pump  beam  within  a  Rb  presaturator  located 
upstream  of  the  OP  cell,  saturating  the  gas  mixture  as  it  flows  through — even  at  high  flow  rates. 

SEOP  Gas  Mixes  and  Operating  Regimes 

There  are  substantial  differences  in  the  gas  mixes  and  operating  regimes  employed  in  stopped-flow  and 
continuous-flow  polarizers.  The  first  continuous-flow  polarizer  was  operated  at  high  pressure  (~  10  atm)  to  opti¬ 
mally  couple  the  Rb  Di  line  to  the  broadband  pump  laser  via  collisional  broadening  [20];  note  that  broadband 
LDAs  have  spectral  linewidths  of  ~2— 3  nm  (FWHM).  However,  in  order  to  maximize  PXe  the  xenon  fraction 
was  kept  low  (typically  1%)  to  minimize  Rb-Xe  spin  destruction,  thus,  helium  became  a  major  constituent  of  the 
mixture  due  to  its  low  Rb  spin-destruction  cross-section.  In  order  to  suppress  radiation  trapping  [82]  (i.e.,  to  sup¬ 
press  radiative  decay  of  the  excited  Rb),  a  small  fraction  of  nitrogen  was  added  to  the  mix.  High  concentrations 
and  substantial  volumes  of  HP  xenon  could  then  be  obtained  by  cryo-accumulation  of  the  xenon  gas,  a  process 
which  separates  it  from  the  rest  of  the  gas  mix  [20].  The  continuous-flow  pressure  polarizer  in  Fig.  2.3D  [68]  oper¬ 
ates  within  an  atypical,  lower  pressure — so  called  "long-lived"  or  van  der  Waals — regime  in  order  to  exploit  the 
faster  SE  rates  that  prevail  there.  This  shift  in  approach  was  made  possible  in  part  by  the  high-power  pump  laser 
(90  W,  with  moderate  linewidth  of  ~1.5  nm  FWHM)  it  employed. 

Likewise,  stopped-flow  polarizers  have  progressed  significantly  with  the  advent  of  frequency-narrowed  high- 
power  lasers  (with  spectral  typical  widths  of  ~0.2— 0.4  nm)  [56,62,64].  Most  notably,  these  lasers  have  enabled 
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FIGURE  2.3  Examples  of  129Xe  hyperpolarizers.  (A— C)  Our  Consortium's  second-generation  stopped-flow  (SF)  Xe  hyperpolarizer. 
The  photo  in  (A)  shows  the  principal  components  of  the  device  ((1)  laser;  (2)  3D-printed  oven;  (3)  Xe  gas  supply;  (4)  microcontroller  box; 
(5)  power  supplies;  (6)  low-frequency  NMR  spectrometer;  (7)  water  chiller;  (8)  vacuum  pumps;  (9)  electromagnetic  coils).  Diagrams  showing 
the  oven/optical  path  and  gas  manifold  are  shown  respectively  in  (B)  and  (C).  (D)  Diagram  showing  the  continuous-flow  (CF)  design  of  Ruset 
and  colleagues  [68].  Source:  For  (C)  from  Nikolaou  P,  Coffey  AM,  Barlow  M],  Rosen  MS,  Goodson  BM,  Cliekmenev  EY.  Temperature-ramped  129Xe 
spin  exchange  optical  pumping.  Anal  Chem  2014;19:8206-12  [67],  For  (D)  figure  courtesy  of  W.  Hersman. 


operational  regimes  to  be  found  where  high  polarizations  can  be  achieved  with  relatively  high  xenon  densities  in 
cells  that  no  longer  required  helium  for  pressure  broadening  [17,25,80,83].  Indeed,  where  higher  xenon  densities 
are  used  this  approach  can  obviate  the  need  for  cryo-collection  while  still  obtaining  high  concentrations  of  highly 
polarized  xenon  in  sufficient  quantities  for  clinical  lung  imaging  [25] . 

SEOP  Characterization 

A  number  of  diagnostic  techniques  have  been  applied  to  SEOP  over  the  years,  driven  by  a  desire  to  deconvo- 
lute  the  complex  interplay  among  the  relevant  experimental  parameters — thereby  aiding  both  the  understanding 
of  fundamental  SEOP  phenomena  and  the  optimization  of  polarizer  performance.  Of  these,  the  most  easily 
employed  are  in  situ  (low-field)  NMR  and  IR  spectroscopies.  Based  on  NMR  and  IR  data  alone,  one  can  detect 
and  quantify  the  HPNG  magnetization  (via  NMR),  obtain  spin-exchange  and  spin-destruction  rates  (using  fits  to 
build  up  Ti  decay  curves  from  the  HPNG  NMR),  observe  spatial  variations  in  the  noble  gas  nuclear  spin  polari¬ 
zation,  monitor  optical  absorption  by  the  AM  (via  IR  [25]),  and  estimate  the  globally  averaged  AM  polarization 
using  a  simple  field  cycling  method,  now  described  [25,83].  In  this  approach,  the  simplest  and  most  readily 
implemented  for  obtaining  a  measure  of  Pam/  one  compares  absorption  spectra  of  the  pump  laser  transmitted 
through  the  cell  when  the  magnetic  field  is  cycled  [25,62].  The  technique  utilizes  a  simplistic  Beer's  law  approach 
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and  the  "bleaching"  of  the  IR  absorption  spectrum  resulting  from  the  depletion  pumping  of  the  ground-state 
magnetic  sublevels.  The  first  step  of  the  OP  process — whereby  the  Rb  electrons  become  spin-polarized — leaves  a 
smaller  concentration  of  Rb  atoms  in  the  laser-absorbing  mj  state.  In  turn,  this  population  reduction  allows  more 
laser  light  to  be  transmitted  through  the  cell,  allowing  Pam  to  be  estimated  from  the  difference  [62]. 

To  monitor  the  buildup  of  PXe  via  hi  situ  NMR,  single-shot  "pulse-acquire"  experiments  suffice,  and  the  ability 
to  signal  average  is  only  needed  if  a  calibration  of  the  signal  against  water  is  required.  Thus,  a  number  of  groups 
have  constructed  low-field  spectrometers  [84—87],  though  commercial  systems  (such  as  Magritek's  Kea  and 
Aurora  spectrometers)  exist.  Requirements  for  the  IR  spectrometer  are  governed  by  the  line  width  and  tunability 
of  the  laser  source,  and  are  met  by  devices  that  are  commercially  available  (e.g..  Ocean  Optics  HR4000). 

Nevertheless,  these  probes  provide  only  part  of  the  picture  of  what  occurs  within  an  SEOP  cell  during  optical 
pumping.  For  example,  it  is  often  desired  to  have  a  direct  measure  of  the  AM  electronic  polarization.  Such  mea¬ 
surements  can  be  made  using  optically  detected  electron  spin  resonance  (ODESR)  [88],  measurement  of  colli- 
sional  frequency  shifts  [89],  and  Faraday  rotations  [70,90,91].  Such  measurements  can  provide  insight  into 
limitations  of  the  nuclear  spin  polarization  (since  it  is  ultimately  bound  by  Pam)- 

An  ODESR  experimental  setup  is  illustrated  in  Fig.  2.4A  and  B  [88].  This  method  probes  the  AM  electronic 
sublevels  using  (1)  a  transverse  RF  field  tuned  to  the  Rb  EPR  resonance  frequency;  (2)  a  low-power  circularly 
polarized  D1  (or  D2)  probe  laser  (usually)  orthogonal  to  the  pump  beam;  and  (3)  a  photodetector  coupled  to  a 
lock-in  amplifier  which  detects  the  modulation  of  the  probe  laser  transmission  caused  by  the  precessing  Rb  mag¬ 
netization.  By  sweeping  B0  across  the  Zeeman  sublevels  one  can  obtain  a  spectrum  in  which  the  relative  intensity 
of  the  peaks  provides  a  direct  measure  of  the  relative  populations  of  the  sublevels  [76,88,92—94].  When  combined 
with  gradients  the  peaks  can  be  spatially  encoded  and  high-resolution  AM  polarization  images  of  less  than  1  mm 
can  be  obtained  [88,93,94]. 

Another  approach  for  probing  spin  polarization  within  SEOP  cells  involves  precise  measurement  of 
polarization-dependent  shifts  of  the  Larmor  frequency  of  the  NG — and  vice  versa:  collisional  frequency  shifts  in 
He  and  Xe  NMR  spectra  (Fig.  2.4C— E)  have  been  shown  to  be  a  function  of  Rb  magnetization,  thereby  providing 
a  simultaneous  measure  of  HPNG  and  AM  polarization  [89].  The  effect  arises  directly  from  the  Fermi-contact 
interaction  and  its  magnitude  is  characterized  by  the  dimensionless  enhancement  factor  no,  measured  as 
(«o)RbHe  =  4-52  +  0.00934T  (with  T  in  °C)  [95,96]  and,  more  recently,  («o)RbXe  =  493  ±  31  [89].  These  values,  when 
combined  with  a  measurement  of  the  frequency  shift  of  the  NG  in  question  (and  an  estimate  of  the  AM  density, 
discussed  below),  can  be  used  to  obtain  a  volume-averaged  expectation  value  for  the  z-component  of  the  AM 
electron  spin  (Sz)  (where  Rb  magnetization  is  proportional  to  [Rb](Sz))  according  to  the  relation  given  in  Ref.  [89]. 

Faraday  rotation — the  rotation  of  the  plane  of  polarization  of  nearly  resonant  light  as  it  traverses  the  SEOP 
cell — provides  another  method  for  the  determination  of  AM  polarization.  This  approach  exploits  the  fact  that  the 
Bo-induced  Zeeman  splitting  of  the  AM  metal  vapor  induces  a  phase  shift  between  the  circular  components  of 
the  linearly  plane-polarized  light,  resulting  in  a  rotation  in  the  plane  of  polarization  [70,90,91,97,98]. 

In  an  alternative  configuration,  Faraday  rotation  can  also  be  used  to  measure  the  AM  vapor  density — another 
key  parameter  governing  SEOP  [98].  The  spin-exchange  rate  increases  as  a  function  of  the  AM  density,  and 
knowledge  of  the  AM  density  is  thus  necessary  in  order  to  extract  (per-atom)  spin-exchange  cross-sections. 
A  simpler  (and  older)  route  for  measuring  the  AM  density  utilizes  the  empirical  thermionic  emission  data  pub¬ 
lished  by  Killian  [99],  The  AM  density  can  be  roughly  predicted  from  the  cell  temperature  using  AM  density 
curves  (see,  e.g..  Ref.  [54]);  other  such  formulae  can  be  used  (e.g..  Ref.  [100])  and  may  achieve  better  quantitative 
agreement  when  compared  to  results  from  other  methods  [101].  Alternatively,  relatively  simple  optical  absorp¬ 
tion  methods  can  be  used  for  the  direct  measurement  of  AM  density  during  SEOP  by  monitoring  absorption  of 
light  from  (for  instance)  a  421.5  nm  source  by  the  5Si/2— 6P1/2  Rb  transition  [102],  though  other  transitions  may 
be  used  [103]. 

Finally,  temperature  is  another  important  parameter  governing  SEOP.  In  addition  to  determining  the  AM  den¬ 
sity,  temperature  can  affect  the  values  of  many  parameters  mentioned  above.  Exterior  cell  wall  temperatures  and 
oven  air  temperatures  can  be  measured  trivially  via  thermocouples;  however,  measurement  of  the  internal  gas 
temperature  can  be  challenging.  As  mentioned  previously,  nitrogen  buffer  gas  is  often  present  in  the  HPNG  mix, 
making  it  possible  to  monitor  the  in-cell  temperature  of  the  gas  mixture  by  Raman  spectroscopy  [104,105]. 
Nitrogen  collisionally  deexcites  the  excited  Rb  atoms  via  radiationless,  two-body  quenching  collisions  and  con¬ 
comitantly  accumulates  energy  in  its  rovibrational  manifolds.  Irradiating  the  gas  with  a  probe  laser  causes 
Raman  scattering.  The  relative  peak  intensities  of  the  resulting  Raman  spectra  reveal  the  distribution  of  energy 
across  the  rotational  states  and  is  a  function  of  temperature  [106].  To  date,  the  method  has  shown  that  tempera¬ 
tures  within  the  OP  cell  can  be  elevated  by  hundreds  of  degrees  above  ambient  [104],  particularly  when  Xe 
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FIGURE  2.4  ODESR  and  collisional  frequency  shifts.  (A)  ODESR  experimental  apparatus,  described  in  text  and  in  full  in  Ref.  [88].  The 
total  magnetic  field  B  is  the  resultant  of  a  uniform  field  Bq  and  a  linear  gradient  field  (rVB),  both  along  the  z  axis.  Not  depicted  are  the  coils 
used  to  generate  the  gradient  fields  and  the  oven.  (B)  Schematic  sketch  of  imaging  with  a  linear  gradient.  The  signal  arises  solely  from  the  Rb 
spins  in  resonance.  As  Bq  is  swept  linearly  in  time,  the  volume  element  in  resonance  is  swept  along  the  x  axis.  (C),  (D),  and  (E)  Typical  3He 
and  129Xe  collisional  shift  spectra  from  cell  155B  acquired  one-after-the-other  under  steady-state  SEOP  conditions.  The  narrow  129Xe  peak  at 
0  Hz  was  acquired  with  the  laser  blocked  (such  that  the  129Xe  was  still  HP  whereas  the  Rb  was  not);  it  has  been  amplitude  normalized  to 
appear  on  the  same  graph.  The  double  peak,  in  the  129Xe  spectra  at  all  but  the  lowest  temperatures,  represents  regions  of  highly  polarized  and 
nearly  unpolarized  Rb  vapor;  the  lines  are  broadened  and  begin  to  coalesce  due  to  diffusion  of  129Xe  between  these  two  regions.  For  3He,  the 
much  smaller  frequency-shift  dispersion  and  more  rapid  diffusion  yield  a  single  narrow  peak  in  all  cases.  The  respective  shifts  in  the  spectral 
"center  of  mass"  upon  reversal  of  the  Rb  magnetization  were  used  to  extract  (Ko)RbXe-  EES  and  HES  (low  and  high  Zeeman  polarization  energy 
state)  respectively  appear  on  the  left  and  right  in  each  of  the  plots  in  (C),  (D),  and  (E).  Alternation  between  LES  and  HES  was  achieved  by 
inverting  the  quarter  wave  plate  of  the  pump  laser. 


density  is  high  [107];  convection  plays  a  key  role  in  the  heat  transport  within  the  cell  [104];  and  there  is  impact  of 
narrowed  versus  broadband  sources  on  the  thermal  dynamics  within  the  OP  cell  [105].  Raman  spectroscopy  is 
well-placed  to  provide  further  insight  into  the  deleterious  "rubidium  runaway"  [73,79,80]  and  Rb  cluster  forma¬ 
tion  [81]  phenomena,  which  may  become  critical  issues  as  ever  more  powerful  pump  lasers  are  used. 


Applications  of  SEOP-Prepared  HP  Gases 

HPNGs  continue  to  be  utilized  in  an  ever-growing  number  of  fields.  For  example,  3He  has  been  widely 
adopted  for  applications  varying  from  biomedical  imaging  [108—111]  and  apparent  diffusion  coefficient  (ADC) 
measurements  of  the  lungs  [112,113];  studies  of  fundamental  symmetries  [114,115];  and  in  polarized  neutron  spin 
filters  and  targets  for  electron  scattering  experiments  [116—120].  However,  the  main  supply  of  3He  is  through  tri¬ 
tium  decay  in  nuclear  warheads,  and  with  diminishing  stockpiles  the  price  of  3He  is  becoming  prohibitively 
expensive  [121],  likely  limiting  its  future  use. 
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FIGURE  2.5  Examples  of  xenon  MR  images  of  heathy  human  lungs  taken  during  a  breath-hold.  (A)  Infinite  coronal  slice  in  a  26-year-old 
male.  (E)  Infinite  axial  slice  in  a  23-year-old  female.  (B,F),  (C,G),  and  (D,H)  pairs  of  coronal  images  from  three  healthy  volunteers:  a  26-year- 
old  male,  a  22-year-old  male,  and  a  29-year-old  male,  respectively.  HP  Xe  gas  was  produced  on  a  GE2000  Polarizer  using  a  2%  Xe  natural- 
abundance  mix.  129Xe  polarization  was  typically  ~9%±0.5%.  FGRE  sequence  used  for  all  images,  FOV  =  48  cm  X  48  cm,  TE  =  4.2  ms, 
TR  =  9  ms,  FA  =  ~5.5°,  Res  =  128  X  128,  Slice  thickness  =  Inf.  for  (A,E);  25  mm  for  (B,C,D,F,G,H).  Source:  University  of  Nottingham. 

Unlike  3He,  xenon  is  naturally  abundant  and  is  a  by-product  of  oxygen  production.  129Xe  is  mildly  soluble 
in  blood  and  organic  solvents  and  has  a  broad  chemical-shift  range  that  makes  it  attractive  for  a  number  of  appli¬ 
cations.  To  date,  these  features  have  been  exploited  in  studies  of  porous  materials  (e.g..  Ref.  [122])  and  surface 
interactions  (e.g..  Ref.  [59]);  and  extensively  in  a  variety  of  chemical,  biophysical,  and  biomedical  applications, 
including  those  involving  cryptophane-based  host  systems  and  void-space  imaging  (reviewed  in  Refs.  [123—128]); 
extensively  in  studies  of  the  lungs  (e.g..  Refs.  [111,129—140]  and  Fig.  2.5);  the  brain  (e.g..  Refs.  [24,141—151]); 
and  other  bodily  tissues  [152]  including  the  blood  [153—156].  Indeed,  the  biomedical  applications  of  HP  129Xe  and 
3He  will  dominate  most  of  the  remaining  book  chapters. 

Contrary  to  129Xe  and  3He,  the  quadrupolar  species  21Ne,  83Kr,  and  131Xe  undergo  rapid  spin  relaxation,  as 
mentioned  above.  This  rapid  relaxation  makes  many  applications  challenging,  but  also  provides — particularly  in 
the  cases  of  83Kr  and  131Xe — a  unique  and  complementary  sensitivity  to  the  chemical  composition  of  surfaces  in 
porous  media  and  the  shape,  size,  and  symmetry  of  void  spaces  [69,157—160],  including  (in  the  case  of  83Kr)  the 
lungs  [14,161].  21Ne,  the  least  studied  of  the  HPNGs,  has  potential  for  use  as  a  navigational  gyroscope  [70],  and 
in  precision  tests  of  Lorentz  and  CTP  symmetries  as  a  comagnetometer  [162]. 


Metastability  Exchange  Optical  Pumping 
MEOP  History  and  Theoretical  Background 

An  alternative  to  SEOP  is  MEOP,  an  approach  that  relies  on  optical  pumping  of  an  atom's  metastable  state 
possessing  nonzero  spin  angular  momentum.  Optical  pumping  had  already  been  successfully  applied  to  vapors 
of  AMs  and  mercury  to  polarize  the  electronic  and  nuclear  magnetic  moments  of  such  atoms  [163],  but  it  was  not 
until  1960  that  the  technique  was  applied  to  the  electronic  4He  23Si  metastable  state  [164],  and  then  to  3He  in 
1962  [165].  The  technique  has  also  been  successfully  applied  to  polarize  the  electronic  and  nuclear  states  of  21Ne 
[166],  83Kr  [167],  and  131Xe  [168],  the  latter  using  an  electron  beam  for  pumping  instead  of  an  optical  source. 
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FIGURE  2.6  (A)  Energy  transitions  involved  in 

metastable  optical  pumping  of  helium.  (1)  Excitation 
due  to  RF  discharge.  (2)  Excitation  due  to  pumping 
light.  (3)  Decay  back  to  all  metastable  states.  (4)  Decay 
due  to  metastability  exchange  collision.  (B)  Metastability 
exchange  Collision.  Nuclear  orientation  is  represented 
by  an  arrow,  and  polarized  metastable  electronic  states 
by  an  asterisk  (*). 


MEOP  has  also  been  used  to  polarize  the  electronic  states  of  129Xe  [169],  but  nuclear  polarization  was  not  seen, 
likely  due  to  strong  nuclear  relaxation  mechanisms. 

Fig.  2.6A  shows  the  energy  levels  involved  in  the  optical  pumping  of  the  helium  metastable  states.  An  RF  dis¬ 
charge  placed  across  a  low-pressure  sample  (e.g.,  within  a  glass  cell)  excites  a  small  fraction  of  the  He  atoms 
from  the  l^o  ground  state  to  the  long-lived  23Si  metastable  state  (label  1).  Resonant  circularly  polarized  light 
then  excites  population  from  the  23Si  to  the  23P0  state,  according  to  the  selection  rule  Am  =  + 1  (label  2).  This 
selectivity  means  that  the  pumping  light  only  excites  atoms  from  the  metastable  m  =  — 1  / 2  and  m  =  —  3/2  suble¬ 
vels  to  the  m  =  +1/2  and  m  =  —  V2  sublevels,  respectively.  The  population  then  decays  back  to  all  23Si  sublevels 
with  roughly  equal  probability  (label  3).  The  net  result  is  the  transfer  of  atoms  from  the  lower  magnetic  quantum 
numbers  (m  =  — V2,  — 3/2)  to  the  higher  magnetic  quantum  numbers  (m  =  +1  / 2,  +3/2).  Unlike  He4,  He3  has  a 
nonzero  nuclear  spin,  and  there  is  efficient  coupling  between  the  nucleus  and  the  electrons  (the  hyperfine  interac¬ 
tion) — resulting  in  an  entanglement  of  electronic  and  nuclear  spin  states.  Because  of  this  interaction,  optical 
pumping  of  the  electronic  angular  momentum  simultaneously  induces  nuclear  orientation  as  well  [170].  Finally 
the  metastable  and  ground-state  sublevels  are  coupled  via  metastability  exchange  collisions  (label  4).  Fig.  2.6B 
shows  a  representation  of  the  metastability  exchange  interaction  between  metastable  atoms  (denoted  He*)  and 
ground  state  atoms,  with  the  arrows  representing  their  nuclear  spin  states. 

It  was  realized  that  as  a  consequence  of  hyperfine  interaction  and  the  metastability  exchange  collisions  in  3He 
atoms,  the  emerging  ground-state  atom  has  a  polarized  nucleus.  It  was  found  that  the  metastability  exchange  col¬ 
lision  dominates  the  ground-state  3He  nuclear  magnetic  relaxation  rate  (Ti),  leading  to  a  polarization  of  the 
ground-state  3He  nuclei — matching  the  degree  of  polarization  of  the  electronic  spins  of  the  metastable  atoms 
[165].  Typical  polarization  rates  have  been  reported  as  1018  atoms/s  (e.g..  Refs.  [171,172]);  in  those  examples, 
steady-state  polarization  was  achieved  in  ~0.5— 3  min  for  low-pressure  (<  10  Torr),  small  cells  (<300  cm3). 

Initially,  there  were  two  limitations  of  the  MEOP  technique.  The  first  was  the  type  of  polarizing  light  source 
that  was  available.  Early  experiments  were  performed  using  helium  discharge  lamps,  leading  to  low  polariza¬ 
tions.  To  get  higher  levels  of  metastable  (and  hence  nuclear)  pumping,  a  more  powerful  source  is  required.  The 
second  limitation  was  the  low  pressure,  around  1  mbar  required  by  the  RF  discharge.  For  any  experiment  or 
application  requiring  HP  3He  at  greater  than  1  mbar  pressures,  a  polarization-preserving  compressor  is  needed. 
New  techniques  developed  in  2002  [173]  using  high  magnetic  fields  have  allowed  polarization  at  higher  pres¬ 
sures.  However,  even  then  a  compressor  is  required  before  the  polarized  gas  can  be  used  experimentally.  These 
issues  are  discussed  in  greater  detail  below. 

MEOP  Laser  Technology 

Helium  discharge  lamps  are  inefficient  sources  for  the  1083  nm  circularly  polarized  light  required  for  the  23Si 
to  23P0  excitation;  e.g.,  a  10  W  helium  discharge  lamp  generates  less  than  1  mW  of  useful  pumping  light  at 
1083  nm.  Nevertheless,  these  early  studies  reported  polarizations  from  ~20%  to  ~40%,  typically  using  5  cm 
diameter  spherical  cells  of  3He  at  ~10  Torr  [165]. 

It  was  not  until  the  advent  of  tunable  laser  sources  at  1083  nm  that  3He  and  4He  MEOP  became  more  viable. 
In  the  late  1980s  a  laser  with  a  medium  comprised  of  a  crystal  of  Lai-JMdJVlgAlnOw  (known  as  LNA)  became 
readily  available  [174],  allowing  for  higher  polarizations  of  ~60%  (110  cm3  cell  at  0.3  Torr)  [175]  and  even  ~85% 
(70— 300  cm3  cells  at  0.1  — 1.0  Torr)  [171]  for  HP  3He.  However  the  LNA  lasers  still  had  notable  limitations. 
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including  significant  variations  in  the  quality  of  the  LNA  crystals,  thermal  conductivity  and  gradient  issues 
within  the  LNA,  as  well  as  nontrivial  space,  cooling,  and  power  requirements. 

The  mid-1990s  saw  the  advent  of  low-power  laser  diodes  capable  of  operating  at  the  required  1083  nm.  It  was 
found  that  polarizations  approaching  the  theoretical  limit  of  100%  could  be  routinely  achieved  using  such  lasers, 
albeit  within  low-volume  collimated  beams  [176].  However,  the  output  power  is  low  compared  to  the  LNA  lasers 
(only  ~  50  mW)  and  as  such  these  sources  have  generally  been  unable  to  polarize  clinically  relevant  quantities  of 
3He  in  a  sufficiently  short  period  of  time.  MEOP  of  3He  using  a  newer  compact,  high-efficiency  tunable  1083  nm 
source  based  on  a  ytterbium  (Yb)  fiber  laser  was  first  reported  in  1997  [177].  These  air-cooled  table-top  lasers  can 
have  electrical  input/optical  output  efficiencies  of  >25%  [177],  Yb  fiber  laser  powers  of  1.5  W  have  been  used  to 
achieve  polarizations  of  up  to  82%  (260  cm3  at  0.3  Torr)  [172],  matching  that  of  equivalent  LNA  lasers.  Since  then, 
the  optical  power  of  commercial  Yb  fiber  lasers  has  greatly  increased,  enabling  higher  polarization  values  while 
also  allowing  for  more  HP  3He  to  be  prepared  in  a  given  time  [178]. 

MEOP  Compressor  Technology 

There  are  several  fields  of  research  that  utilize  dense  samples  of  HP  He3  gas,  such  as  a  target  in  nuclear  phys¬ 
ics  [179],  medical  imaging  [129],  and  neutron  scattering  [180].  Such  applications  have  thus  required  a  method  of 
compressing  the  low-pressure  HP  3He  polarized  via  MEOP  with  minimal  polarization  loss  in  order  to  achieve 
gas  densities  required  for  these  uses. 

The  earliest  solution  reported  was  by  Daniels  and  Timsit  [181]  who  used  a  Toepler  pump  to  compress  the 
polarized  3He.  A  Toepler  pump  is  comprised  entirely  of  glass,  and  uses  a  reservoir  of  mercury  that  when  raised 
and  lowered  acts  as  a  piston  to  compress  the  3He  gas.  The  main  issue  with  the  Toepler  pump  is  that  its  valves 
suffer  from  sticking  and/or  leaking  problems,  and  its  slow  pumping  speed  (15— 30  s  per  "stroke")  [182] — much 
slower  than  a  conventional  piston  pump. 

The  1990s  saw  developments  in  new  compression  methods  with  the  advent  of  titanium-based  piston  pumps 
[183].  It  was  found  that  the  3He  Tj  relaxation  time  for  contact  with  certain  materials  (Pyrex,  titanium,  copper, 
brass,  aluminum,  glass,  etc.)  was  long  enough  (~60  min)  that  their  use  would  not  lead  to  large  3He  depolariza¬ 
tion  losses.  Since  then  other  groups  have  built  upon  this  work,  creating  optimized  pumping  systems  to  increase 
the  speed  of  compression  and  the  maximum  pressure  attainable,  while  also  lessening  the  impact  of  the  pump  on 
the  polarization  losses  of  the  gas  [178,184],  Simpler  and  more  compact  compression  solutions  include  modified 
diaphragm  pumps  [185]  and  peristaltic  pumps,  with  which  continuous  flow  polarization  has  been  reported  [186]. 

MRI  Applications  of  MEOP -Polarized  Gases 

Following  the  first  reported  use  of  HP  129Xe  MRI  on  ex  vivo  air  spaces  in  1994  [129],  HP  3He  was  tested  as  a 
potential  alternative  [187].  3He  has  several  advantages  over  129Xe,  namely  that  it  has  a  higher  gyromagnetic  ratio 
and  can  be  inhaled  in  larger  quantities  without  substantial  risk,  as  it  is  not  absorbed  by  the  tissue  of  the  lungs — 
as  is  known  from  deep  sea  diving  and  special  lung  function  tests  [188].  Until  recently,  it  was  also  easier  to 
achieve  higher  polarizations  in  3He  than  129Xe.  Initial  images  obtained  with  HP  3He  prepared  were  taken  on 
excised  guinea  pigs  [187].  MEOP-prepared  HP  3He  has  since  been  successfully  used  to  take  images  of  human 
lungs  [108],  with  considerable  research  into  finer  more  detailed  images,  and  the  differences  in  the  ventilation  of 
the  lungs  afflicted  by  various  illnesses. 

HP  3He  has  also  been  used  to  assess  the  lung's  microstructure  by  making  use  of  diffusion  weighting  gradients 
to  measure  the  ADC  of  the  smaller  airways  [189].  This  technique  has  been  used  to  explore  the  progression  and 
effect  of  thoracic  diseases  such  as  COPD  [190],  asthma  [191],  emphysema  [113],  and  pulmonary  fibrosis  [189]  at 
the  alveolar  level  (Fig.  2.7).  However,  owing  to  the  ever-increasing  expense  of  3He  because  of  the  worldwide 
shortage  of  this  isotope  [192],  future  research  into  lung  MRI  is  likely  to  concentrate  on  naturally  abundant  alter¬ 
natives,  such  as  129Xe  and  quadrupolar  species  such  as  83Kr  and  131Xe  [193]. 


Parahydrogen- Induced  Polarization 
Principles 

The  production  of  macroscopic  quantities  of  gases  with  high  spin  order — a  key  topic  of  this  entire  book — argu¬ 
ably  owes  its  origin  to  the  studies  of  the  spin  isomers  of  molecular  hydrogen  (H2)  gas  by  Bonhoeffer  and  Harteck 
[194],  Because  1H  nuclei  are  fermions,  the  overall  wave  function  for  H2  must  be  antisymmetric  with  respect  to 
exchange.  All  H2  molecules  in  the  (symmetric)  ground  rotational  state  (/  =  0)  must  be  in  the  (antisymmetric) 
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FIGURE  2.7  Apparent  diffusion  coefficients  measurements 
using  HP  3He.  Top  Graph:  Short  timescale  ADC  results  (13  ms). 
Bottom  Graph:  Long  timescale  ADC  results  (1  s).  Source:  The 
University  of  Nottingham.  Data  was  acquired  using  relatively  small 
quantities  of  HP  3 He  (0.5  L  of  1:18  3 He:4 He  mix)  prepared  via  MEOP, 
at  two  different  diffusion  timescales,  on  a  total  of  317  volunteers 
(18  with  CF,  33  with  Asthma  (Low  Sacin),  15  with  Asthma  (High  Sac,-,,), 
and  251  healthy). 


singlet  spin  state  [a(|t  !HIT))]  (a.k.a.  "para-hydrogen,"  para- H2),  and  all  H2  molecules  in  the  antisymmetric 
/=1  state  must  be  in  the  (symmetric)  triplet  nuclear  spin  state  [ «  (|  T  l )  +  I  i  T ),l  T  T )/l  1 1 )]  (a.k.a.  “ortho-hydro¬ 
gen").  Thus,  the  significant  energy  difference  between  the  ground  and  excited  rotational  states  provides  the 
means  to  prepare  and  separate  para- H2:  although  the  ratio  of  para-H2:ortho-H2  is  about  25%:75%  at  room  tempera¬ 
ture,  reduction  to  liquid-N2  temperature  (77K)  with  concomitant  exposure  to  a  paramagnetic  catalyst  that  acceler¬ 
ates  the  ortho-para  conversion  (like  iron  oxide)  enriches  para- H2  to  50%  of  the  mixture,  and  reduction  to  20K  can 
enrich  the  para- H2  fraction  to  well  over  90%.  Importantly,  in  the  absence  of  exposure  to  paramagnetic  centers  (e. 
g.,  from  02  gas  or  those  within  container  walls)  the  exchange  between  para- H2  and  ortho-W2  is  extremely  ineffi¬ 
cient — allowing  para- H2  to  be  stored  effectively  for  weeks  [195]. 

However,  the  pure  spin  order  of  the  singlet  state  of  para- H2  is  actually  NMR-invisible.  Instead,  HP  gases  may 
be  produced  using  PHIP,  where  PHIP-prepared  HP  gases  have  been  demonstrated  initially  in  the  context  of 
void-space  imaging  [196].  This  process  still  fundamentally  relies  on  the  singlet  of  para- H2  molecule  to  be  the 
source  of  spin  order,  which  can  be  transformed  into  observable  nuclear  spin  polarization  by  the  process  of  sym¬ 
metry  breaking  typically  conduced  via  a  process  of  pairwise  chemical  addition  of  para- H2  to  an  unsaturated  pre¬ 
cursor  molecule  [197] — as  shown  schematically  in  Fig.  2.8;  a  key  requirement  is  that  the  unsaturated  bond  must 
be  structurally  asymmetric,  such  that  the  nascent  *H  positions  following  hydrogenation  are  magnetically  inequi¬ 
valent.  While  the  process  underlying  PHIP  has  been  known  for  many  decades,  it  was  not  until  the  advent  of  effi¬ 
cient  heterogeneous  catalysts  promoting  significant  fractional  pairwise  addition  of  para- H2  (vs  radical  addition 
[196])  that  efficient  (high  P),  relatively  large-scale  production  of  PHIP  HP  gases  became  possible.  Notably,  the 
radical  addition  of  para- H2  does  not  lead  to  PHIP,  because  para- H2  singlet  order  is  scrambled.  PH  ~1%  has  been 
recently  demonstrated  in  HP  propane,  enabling  submillimeter  3D  MRI  of  the  flowing  propane  gas  [198].  The  pro¬ 
pane  molecule  represents  the  shortest  hydrocarbon  framework  for  breaking  para- H2  symmetry  without  deute¬ 
rium  or  13C  enrichment.  Furthermore,  propane  is  an  otherwise  nontoxic  “simple"  asphyxiant  with  anesthetic 
properties  qualitatively  similar  to  those  of  xenon.  Despite  achieving  PH  ~1%  in  seconds,  HP  propane  gas  cannot 
be  easily  used  for  biomedical  applications,  because  its  T2  is  on  the  order  of  1  s  at  high  magnetic  fields.  However, 
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FIGURE  2.8  (A)  The  schematic  representation  of  PHIP  hyperpolarization  hardware  required  for  preparation  of  HP  propane  gas.  (B)  The 

schematics  of  pairwise  addition  of  parahydrogen  gas  to  an  unsaturated  precursor  molecule  resulting  in  hyperpolarization  of  propane-d6  gas 
via  the  PHIP  approach.  (C)  Spectroscopic  appearance  of  HP  propane-d6  gas  under  conditions  of  high  and  low  magnetic  fields  corresponding 
to  the  two  regimes  of  chemical-shift  dominance  and  /-coupling  dominance,  respectively.  (D)  3D  4.7T  MRI  of  "flowing"  (where  a  constantly 
renewing  bolus  of  polarization  is  delivered)  propane-d6  gas  with  0.5  X  0.5  X  0.5  mm3  spatial  resolution.  (E)  2D  subsecond  molecular  imaging 
of  "stopped"  (i.e.,  gas  is  no  longer  flowing  to  renew  the  hyperpolarization  pool  for  signal  encoding  and  readout)  HP  propane-d6  gas  at  0.05T 
(pixel  size  0.88  X  0.88  mm2).  All  images  are  recorded  using  the  same  batch  of  HP  propane-d6  with  apparent  PH~ 0.1%  [5]. 


the  use  of  low  magnetic  fields  has  been  shown  to  be  efficient  for  extending  the  lifetime  of  HP  propane  through 
the  use  of  long-lived  spin  states  (LLSS)  [199,200]  in  HP  propane  [201]  and  propane-d6  [5].  The  latter  exhibits  the 
longest  TLLSs  ~  6  s  [5],  which  is  sufficiently  long  for  imaging  of  "stopped"  gas  (i.e.,  gas  that  is  not  flowing  and 
without  freshly  delivered  boluses  of  hyperpolarization).  Fig.  2.8  [5]. 

PHIP  Instrumentation 

Besides  the  hardware  needed  to  create  the  supply  of  para- H2  (discussed  briefly  above),  the  hardware  prerequi¬ 
sites  are  relatively  simple  for  PHIP  hyperpolarization  of  propane  and  other  hydrocarbons.  The  setup  shown  in 
Fig.  2.8  requires  mixing  two  gases:  para- H2  and  propene  precursor  stored  in  separate  containers.  The  prepared 
mix  passes  through  a  high-temperature  reactor  containing  the  heterogeneous  catalyst  bed,  where  the  hydrogena¬ 
tion  reaction  takes  place  to  enable  pairwise  addition  of  para- H2  to  unsaturated  precursor.  Once  prepared  in  this 
fashion,  the  HP  propane  is  ready  for  use.  The  setup  does  not  require  the  use  of  any  alternating  or  static  fields, 
representing  one  of  the  key  advantages  of  this  technology:  simplicity,  scalability,  and  relatively  low-cost  produc¬ 
tion  of  an  HP  gaseous  agent. 

Potential  for  Biomedical  Applications  of  HP  Propane 

While  efficient  production  of  HP  gases  by  PHIP  has  been  demonstrated  only  on  a  relatively  small  scale  of 
~10scc/s  this  approach  can  be  potentially  scaled  to  meet  preclinical  and  clinical  requirements.  Potential 
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applications  include  high-resolution  lung  imaging  given  propane's  status  as  a  nontoxic  gas  [202].  Indeed,  while 
propane  is  flammable,  it  has  lower  flammability  level  and  upper  flammability  level  values  of  ~2.4%  and  ~9.6%, 
respectively,  and  a  relatively  high  ignition  temperature  of  >920°F.  Thus,  in  addition  to  other  favorable  properties 
(see  Ref.  [203]  for  details),  the  range  of  conditions  required  to  ignite  propane  are  relatively  narrow  compared  to 
many  other  species,  making  propane  more  difficult  to  accidentally  ignite — and  as  a  consequence  help  make  pro¬ 
pane  relatively  safe.  As  a  result,  flammability  is  not  anticipated  here  to  be  an  unsurmountable  translational  chal¬ 
lenge.  Indeed  cyclopropane,  which  has  similar  properties  to  propane,  has  been  used  previously  as  an  anesthetic 
(e.g..  Ref.  [204],  which  also  discusses  accidental  but  preventable  ignitions);  and  unlike  the  case  with  anesthetic 
use,  any  propane  used  for  MRI  applications  could  be  administered  in  a  variable  concentration  range  and  with 
appropriate  mixtures  (e.g.,  coadministered  with  N2  gas)  to  ensure  safety.  Furthermore,  the  PH  can  also  be  poten¬ 
tially  improved  to  further  enhance  the  detection  sensitivity  of  TIP  propane.  TIP  propane  offers  two  other  key 
advantages  over  PIP  129Xe  and  other  noble  gases.  First,  the  gyromagnetic  ratio  of  1F1  is  ~  3.6  times  greater  than 
that  of  129Xe,  and  each  propane  molecule  can  carry  at  least  two  F1P  protons,  making  F1P  propane  nearly  an  order 
of  magnitude  more  sensitive  than  HP  129Xe  at  the  same  level  of  polarization.  Second,  clinical  translation  of  HP 
propane  will  likely  be  significantly  faster,  because  proton  detection  capability  is  universally  available  on  all  MRI 
scanners,  unlike  the  requirement  for  heteronuclear  MRI  scanner  capability  for  HP  129Xe  and  other  noble  gas  iso¬ 
topes.  Furthermore,  conventional  MRI  sequences  and  MRI  coils  could  be  employed  for  HP  propane  readout, 
taking  advantage  of  already  available  infrastructure.  The  key  disadvantage  of  HP  propane  is  the  requirement  of 
using  a  low-field  MRI  scanner  rather  than  a  high-field  MRI  device  (in  order  to  exploit  the  significantly  longer 
hyperpolarization  lifetime  at  low  field).  However,  next-generation  low-field  MRI  instruments  are  currently 
under  development;  moreover,  low-field  MRI  can  offer  more  SNR  for  imaging  HP  contrast  agents  than  high- 
field  MRI  [205],  thereby  potentially  providing  further  sensitivity  benefits  for  HP  propane  technology. 
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Examples  of  nominal  polarization  values  and  production  rates  for  several  of  the  HP  gases  discussed  in  this 
chapter  are  summarized  and  compared  in  Table  2.2.  A  number  of  HP  gases  can  be  prepared  with  a  significant 
degree  of  polarization  P  at  quantities  (approaching  ~  1  L  dose)  sufficient  for  lung  imaging  and  other  in  vivo 
imaging  applications — including  He,  Xe,  propane,  and  Kr.  Multiple  factors  determine  the  practicality  of 
their  in  vivo  and  clinical  effectiveness  as  HP  contrast  agents:  (1)  the  availability  and  cost  of  the  involved  sub¬ 
stances;  (2)  the  cost  and  production  throughput  of  hyperpolarization  equipment;  (3)  the  lifetime  of  the  HP  gas 
state;  and  (4)  the  availability  of  suitable  MRI  imaging  hardware  (e.g.,  heteronuclear  MRI  scanner  capability  is 
required  for  most  HP  gases).  Moreover,  some  hyperpolarization  techniques  for  gases  (e.g.,  SEOP)  have  been 


TABLE  2.2  Summary  of  Hyperpolarization  Methods,  Polarization  Results,  and  Production  Rates  for  Various  Gases 


Agent 

Hyperpolarization  method 

Nominal/peak  polarization  values  (%) 

Estimated  production  rates  (L  atm/h) 

Selected  references 

Xenon-129 

SEOP,  CFa 

PXe  ~  30-60 

~l-5 

[206-208] 

SEOP,  SF8 

Pxe  ~  30-90 

~0.1-1.2b 

[25,67,80] 

d-DNP 

Pxe  ~  30 

<0.1 

[40] 

Xenon-131 

SEOP,  SF8 

Pxe  S  2.2 

~0.04b-c 

[9] 

Helium-3 

SEOP,  SF8 

PHe  ~  60-85 

~0.1 

[7,180,209] 

MEOP 

Phg  ~  65—80 

~l-3 

[120] 

Krypton-83 

SEOP,  SF8 

Pkt  -4-27 

~  0.015— 0.4b-c 

[65] 

n2o 

d-DNP 

PN  ~10 

~  0.001 

[42] 

d6-propane 

PHIP 

Ph~1 

~27b'c 

[198] 

aCF,  continuous  flow;  SF,  stopped  flow. 

bEstimated  production  rate  of  the  gaseous  agent  in  question  at  STP,  not  counting  the  additional  presence  of  diluting  gases  (N2,  He,  and/or  H2),  varying  from  25%  to  95%  of  the 
mixture. 

cExtrapolated  from  small  amounts  quoted  with  short  production  times. 
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available  for  >30  years  (and  therefore  are  more  robust),  whereas  others  (DNP  and  PHIP)  are  newcomers  to  the 
field  of  gas  hyperpolarization,  providing  opportunities  for  improvement. 

Historically,  human  lung  MRI  with  3He  has  been  demonstrated  first,  which  was  relatively  quickly  followed  by 
lung  MRI  demonstration  with  129Xe.  Other  agents  with  sufficient  hyperpolarization  lifetime  will  likely  follow  this 
trend — i.e.,  demonstration  of  in  vivo  and  human  MRI  feasibility  despite  the  aforementioned  challenges — because 
these  new  agents  may  provide  additional  (and  frequently  complementary)  biomedical  information  to  what  is 
already  feasible  with  the  established  HP  gases,  clinically  available  imaging  modalities,  and  other  tests.  For  exam¬ 
ple,  while  3He  drove  the  initial  feasibility  demonstrations  of  ventilation  and  diffusion  imaging,  the  advent  of 
clinical-scale  production  of  HP  129Xe  enabled  the  expansion  of  biomedical  HP  gas  applications  to  include  gas- 
perfusion  imaging,  brown  fat  imaging  [210],  and  brain  imaging.  Thus,  it  is  not  unreasonable  to  expect  that  HP 
propane,  83Kr,  and  others  may  provide  other  benefits  to  the  research  community  as  they  are  developed,  embody¬ 
ing  new  tools  in  biomedical  research.  Indeed,  the  HP  gas  research  field  will  likely  enjoy  substantial  growth 
benefiting  from  the  advent  of  new  HP  agents,  more  advanced  instrumentation,  and  corresponding  applications. 

However,  despite  the  breakthroughs  in  science  and  technology,  the  in  vivo  and  human  demonstrations,  and 
the  number  of  successfully  completed  clinical  trials  with  HP  129Xe  and  3He,  HP  gases  are  not  yet  being  used  for 
clinical  diagnosis,  primarily  due  to  the  combinations  of  the  factors  outlined  above.  Therefore,  the  widespread 
clinical  use  of  HP  agents  relies  on  addressing  these  translational  challenges.  While  it  is  not  yet  clear  which  of  the 
agents  and  type(s)  of  hyperpolarization  technique  will  enjoy  clinical  adaptation,  fundamental  changes  in  MR 
hardware  may  be  required  to  achieve  clinical  use.  For  example,  multinuclear  upgrade  of  1.5T  or  3 T  clinical  scan¬ 
ners  is  costly  ( >$0.5  M)  and  cumbersome  (i.e.,  most  hardware  vendors  are  not  providing  the  required  software) 
for  HP  129Xe,  3He,  83Kr,  or  other  heteronuclei.  As  an  alternative  approach,  a  dedicated  low-field  (LF)  MRI  scanner 
may  have  unique  advantages  as  a  platform  for  the  clinical  adaptation  of  HP  gases.  LF-MRI  scanners  are  funda¬ 
mentally  less  expensive  than  high-field  superconductive  MRI  scanners;  yet,  LF-MRI  can  yield  more  SNR  for  HP 
applications  [205];  furthermore,  LF-MRI  can  provide  enhanced  patient  safety  due  to  significantly  lower  specific 
absorption  rate  at  low  RF  frequencies  [211],  and  significantly  higher  patient  throughput — because  patient-tailored 
magnet  shimming  and  RF  coil  calibration  steps  can  be  obviated.  Moreover,  LF-MRI  is  also  ideally  suited  for  HP 
propane  imaging,  because  of  the  longer-lived  HP  state. 

To  conclude,  while  HP  gas  MRI  is  an  established  field,  new  advances  in  preparation  and  imaging  of  HP  gases 
continue  to  emerge  and  may  significantly  and  positively  impact  this  field.  While  there  are  no  fundamental  barriers 
for  clinical  translation  and  adaptation  of  HP  gas  MRI,  which  can  be  useful  for  a  number  of  functional  MRI  appli¬ 
cations,  significant  clinical  translation  challenges  remain  and  must  be  addressed  before  one  can  expect  to  see  this 
promising  family  of  approaches  become  routinely  available  in  the  clinic. 
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Abstract:  Nuclear  spin  polarization  can  be  significantly  in¬ 
creased  through  the  process  of  hyperpolarization,  leading  to 
an  increase  in  the  sensitivity  of  nuclear  magnetic  resonance 
(NMR)  experiments  by  4-8  orders  of  magnitude.  Hyperpolar- 
ized  gases,  unlike  liquids  and  solids,  can  often  be  readily 
separated  and  purified  from  the  compounds  used  to  medi¬ 
ate  the  hyperpolarization  processes.  These  pure  hyperpolar- 
ized  gases  enabled  many  novel  MRI  applications  including 


the  visualization  of  void  spaces,  imaging  of  lung  function, 
and  remote  detection.  Additionally,  hyperpolarized  gases 
can  be  dissolved  in  liquids  and  can  be  used  as  sensitive  mo¬ 
lecular  probes  and  reporters.  This  Minireview  covers  the  fun¬ 
damentals  of  the  preparation  of  hyperpolarized  gases  and 
focuses  on  selected  applications  of  interest  to  biomedicine 
and  materials  science. 


J 


1.  Introduction 

The  use  of  techniques  to  enhance  nuclear  spin  polarization  (P) 
to  order  unity  (i.e.,  nearly  100%)  results  in  corresponding  gains 
in  NMR  sensitivity  by  4-8  orders  of  magnitude.111  This  process 
of  significant  polarization  enhancement-well  above  that  ach¬ 
ieved  at  thermal  equilibrium-is  termed  hyperpolarization.  Hy¬ 
perpolarization  of  solids,  liquids,  and  gases121  has  been  demon¬ 
strated  via  a  number  of  techniques  including  Brute  Force  Po¬ 
larization  (BFP),[3]  Spin  Exchange  Optical  Pumping  (SEOP),141  Dy¬ 
namic  Nuclear  Polarization  (DNP),[1c]  Chemically-Induced  Dy¬ 
namic  Nuclear  Polarization  (CIDNP)151  photo-CIDNP,161 
Parahydrogen  Induced  Polarization  (PHIP),171  and  Signal  Amplifi¬ 
cation  By  Reversible  Exchange  (SABRE).181  A  wide  range  of 
nuclei  can  be  hyperpolarized,  including  1  H,[91  3He,1101  7Li,ml 

,3C([1C,,2]  15N™  19Fj[14]  3,r[,5]  83^16]  among 

others.1181  Hyperpolarized  (HP)  substances  are  revolutionizing 
the  fields  of  NMR  spectroscopy  and  magnetic  resonance  imag¬ 
ing  (MRI),  because  many  applications  that  were  previously  im¬ 
practical  because  of  weak  NMR  signals  (e.g.,  from  sub-mM  me¬ 
tabolites)  are  now  becoming  possible.  Moreover,  the  enormous 
gain  in  attainable  signal-to-noise  ratio  (SNR)  allows  spectro¬ 


scopic  detection  and  imaging  of  HP  compounds  to  be  per¬ 
formed  in  seconds,  obviating  the  need  for  time-consuming 
signal  averaging  and  thermal  recovery  of  the  spin  magnetiza¬ 
tion.  The  ability  to  rapidly  acquire  signals  with  very  high  SNR 
from  HP  systems  is  the  inherent  feature  that  is  greatly  desira¬ 
ble  for  in  vivo  gas  imaging  applications:  that  is,  images  can  be 
acquired  during  a  single  breath  hold;  sufficient  signal  can  be 
attained  despite  the  low  density  of  gas  compared  to  liquid. 
While  liquid  HP  contrast  agents  are  injected  in  vivo  to  probe 
metabolism1191  (extensively  discussed  in  many  recent  reviews)1201 
or  used  otherwise,1211  they  typically  cannot  be  used  to  probe 
gas-phase  processes  in  vitro  or  in  vivo.  This  Minireview  focuses 
on  the  techniques  allowing  the  production  of  HP  gases  with 
particular  application  to  their  use  in  biomedical  applications, 
and  explores  some  examples  from  materials  science. 

We  begin  with  the  fundamentals  of  SEOP  in  the  context  of 
NMR  hyperpolarization  of  129Xe  gas.  Although  other  noble 
gases  have  been  hyperpolarized,  none  are  as  widely  used  for 
magnetic  resonance  as  HP  129Xe,  which  has  a  relatively  large 
natural  abundance  (ca.  26%)  and  is  relatively  cheap  (ca.  USD 
20  per  L).  The  selected  applications  described  here  include 
functional  lung  imaging,1221  metabolic  brown  fat  imaging,1231 
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and  biosensors1241  (including  those  enabled  by  genetic  encod¬ 
ing).1251  A  recent  demonstration  of  the  DNP  process  to  hyper- 
polarize  ,29Xe[261  and  hydrocarbon  gases1271  is  also  described. 

HP  gases  can  also  be  efficiently  produced  via  PHIP,  when 
parahydrogen  gas  is  added  in  a  pairwise  manner  to  a  multiple 
chemical  bond  (C=C  or  C=C)  in  an  unsaturated  molecule,  re¬ 
sulting  in  a  gaseous  HP  product.  This  process  can  be  per¬ 
formed  in  heterogeneous  fashion, 193,281  and  despite  low  T,  of 
the  HP  states,  this  powerful  scalable  technique  allows  for 
cheap  preparation  of  HP  hydrocarbons  on  demand.  Moreover, 
because  protons  are  being  directly  hyperpolarized  and  detect¬ 
ed,  it  is  inexpensive  and  straightforward  to  perform  (since  ex¬ 
pensive  isotopic  enrichment  and  heteroatom-specific  instru¬ 
mentation  can  be  obviated)  and  thus  is  readily  applied  with 
conventional  clinical  MRI  scanners.  This  Minireview  describes 
the  fundamentals  of  PHIP  for  production  of  HP  gases,1291  select¬ 
ed  recent  developments  to  extend  the  lifetime  of  the  HP  state 
through  the  use  of  the  long-lived  spin  states  (LLSS),1301  and  HP 
gas  application  for  void  space  imaging,  remote  sensing,  time 
of  flight  imaging,  and  micro-fluidic  imaging. 

In  all  cases,  the  separation  from  other  compounds  required 
for  hyperpolarization  processes  (e.g.,  Rb  in  case  of  SEOP  of  HP 
129Xe,  free  radicals  in  the  case  of  DNP,  and  homogeneous  or 
heterogeneous  catalysts  in  the  case  of  PHIP)  is  readily  achieva¬ 
ble,  and  experiments  can  be  performed  with  HP  gases  in 
a  chemically  pure  form. 
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2.  Fundamentals  of  Noble  Gas  Hyper¬ 
polarization 

2.1.  SEOP 

The  most  commonly  employed  method  for  generating  HP 
noble  gases  is  spin-exchange  optical  pumping  (SEOP).  The  de¬ 
velopment  of  SEOP  is  rooted  in  the  pioneering  work  of  Kas- 
tler,1311  who  was  recognized  with  the  Nobel  Prize  in  physics  for 
demonstrating  that  electronic  spin  order  can  be  created  in 
alkali  metal  vapors  using  circularly  polarized  laser  light.  Later 
Bouchiat,  Carver,  and  Varnum1321  showed  that  the  addition  of 
3He  to  the  gas  mixture  permitted  helium  nuclear  spins  to  be 
polarized  by  spin-exchange  collisions  with  the  optically 
pumped  alkali  vapor  atoms-work  that  was  extended  to  ,29Xe 
by  Grover.1331  The  rich  physics  of  SEOP  has  been  extensively  ex¬ 
plored  by  Happer,  Cates,  Chupp,  Walker,  and  many  others 
(e.g.,  refs.  [4, 17b, 34]),  ultimately  leading  to  the  ability  to  pro¬ 
duce  large  quantities  of  HP  noble  gases  with  nuclear  spin  po¬ 
larization  levels  approaching  unity  for  use  in  a  variety  of  appli- 
cations-including  those  described  throughout  this  Mini-Review. 

The  underlying  phenomenon  of  SEOP  has  been  reviewed  ex¬ 
tensively  elsewhere,14,351  but  can  be  briefly  described  as  follows 
(Figure  1):  First,  a  heated  alkali  metal  vapor  is  irradiated  with 
resonant  circularly  polarized  light.  Angular  momentum  conser¬ 
vation  results  in  population  being  driven  from  appropriate 
spin-state  ground  states  (e.g.,  mJ  =  — 1/2  with  o+  light,  ne¬ 
glecting  nuclear  spin  degrees  of  freedom).  The  ground-state 
levels  are  repopulated  at  roughly  the  same  rates,  resulting  in 
depletion  of  one-spin  state  and  population  accumulation  in 
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Figure  1.  Schematic  representations  of  SEOP.[2b,4]  (a)  SEOP  cell  containing 
a  noble  gas  (here,  Xe),  buffer  gases  (e.g.  N2),  and  a  small  quantity  of  vapor¬ 
ized  alkali  metal  (here,  Rb);  the  cell  is  irradiated  by  circularly  polarized  laser 
light  that  can  be  absorbed  by  the  alkali  metal  atoms,  (b)  The  first  step  of 
SEOP:  in  order  to  conserve  angular  momentum,  photon  absorption  results 
in  selective  population  depletion  from  one  Rb  ground  electronic  state  (ne¬ 
glecting  Rb  nuclear  spin  for  simplicity).  Although  gas-phase  collisions  work 
to  equalize  the  excited-state  populations  (and  hence,  the  ground-state  repo¬ 
pulation  rates),  continuous  depletion  of  one  state  by  the  laser  leaves  the 
alkali  metal  vapor  electronically  spin-polarized,  (c)  The  second  step  of  SEOP: 
Gas-phase  collisions  occasionally  allow  spin  order  to  be  transferred  from  the 
alkali  metal  atom  electrons  to  the  noble  gas  nuclei  via  Fermi  contact  hyper- 
fine  interactions,  thereby  hyperpolarizing  the  noble  gas  over  time.  Repro¬ 
duced  with  permission  from  Ref.  [2b]  John  Wiley  &  Sons,  Ltd.,  2015. 


the  other-rendering  the  alkali  metal  vapor  electronically  spin 
polarized.  Gas-phase  collisions  then  transfer  polarization  from 
the  electrons  of  the  alkali  metal  to  the  spins  of  the  noble  gas 
nuclei  via  Fermi-contact  interactions. 

This  process  is  allowed  to  continue  so  that  the  nuclear  spin 
polarization  can  accumulate  over  time,  ultimately  yielding 
a  steady-state  nuclear  spin  polarization  given  by  Equation  (1): 

Pn  =  <Pam>  ■  (tseTT,)  (1) 

where  (PAM)  is  the  spatially  averaged  polarization  of  the  alkali 
metal  vapor,  rN  is  the  noble  gas  nuclear  longitudinal  relaxation 
rate  (1/7j)  in  the  optical  pumping  cell,  and  ySE  is  the  spin-ex- 
change  rate  (i.e.,  the  rate  at  which  polarization  can  be  trans¬ 
ferred  from  alkali  metal  to  the  noble  gas). 

Although  the  vast  majority  of  SEOP  experiments  have  em¬ 
ployed  the  spin  /=1/2  noble  gas  isotopes  129Xe  and  3hle,  the 
quadru polar  species  21Ne  (1  =  3/2), m  83Kr  (/  =  9/2),[371  and 
131Xe[3S1  (1  =  3/2)  can  also  be  polarized  via  this  method.  For  the 


alkali  metal  vapor,  Rb  is  most-commonly  employed  for  practi¬ 
cal  reasons-including  its  low  melting  point1391  (facilitating  va¬ 
porization)  and  the  availability  of  high-powered  lasers  resonant 
with  its  D,  transition;1401  however,  K  and  Cs  are  also  utilized 
(particularly  for  3Fle[411  and  129Xe,[421  respectively). 

Technological  developments  for  SEOP  have  been  extensively 
reviewed  elsewhere,1351  and  only  a  brief  description  is  given 
here.  Devices  for  preparing  FHP  noble  gases  may  be  grouped 
into  two  types:  "stopped-flow"  and  "continuous-flow".  In 
a  stopped-flow  device,1431  a  batch  of  a  desired  gas  mixture  is 
loaded  into  an  OP  cell  (which  contains  a  quantity  of  alkali 
metal)  and  is  heated  and  optically  pumped  with  a  laser;  once 
the  gas  is  hyperpolarized,  OP  is  stopped  and  the  gas  is  trans¬ 
ferred  to  the  sample  (usually  after  the  cell  has  cooled  to  con¬ 
dense  the  alkali  metal);  alternatively,  multiple  batches  may  be 
systematically  polarized  and  collected  to  accumulate  the  HP 
gas  prior  to  transfer.  In  a  continuous-flow  device,1441  a  desired 
gas  mixture  is  allowed  to  flow  from  its  source  continuously 
through  a  heated  cell  while  it  is  irradiated  by  the  laser;  the 
flow  rate  is  chosen  to  allow  sufficient  average  residency  of 
noble  gas  atoms  in  the  cell  to  enable  the  gas  to  be  hyperpolar¬ 
ized  "on  the  fly".  The  H P  gas  mixture  can  then  either  be  direct¬ 
ed  into  the  sample  or  a  cryo-condenser  (to  collect  the  other- 
wise-dilute  HP  noble  gas  and  deliver  it  purely  and  with  high 
density,  following  sublimation).14431 

All  of  the  noble  gas  isotopes  are  amenable  to  the  stopped- 
flow  design, 138,43h'1' 451  whereas  the  relatively  high  spin-exchange 
rates  and  facile  cryo-storage  of  ,29Xe's  polarization1461  make  it 
the  best  choice  for  use  in  a  continuous-flow  device.  Both 
device  designs  have  evolved  considerably  over  the  years,  ach¬ 
ieving  ever-greater  gas  polarizations  and  production  amounts/ 
throughputs-benefiting  in  particular  from  the  advent  of  com¬ 
pact,  high-power,  relatively  low-cost  light  sources  embodied 
by  spectrally-narrowed  laser  diode  arrays.140,43®'9, 441,471 


2.2.  Other  Methods  for  Flyperpolarizing  Noble  gases:  MEOP, 
"Brute  Force",  and  DNP 

In  addition  to  SEOP,  H P  noble  gases  can  be  prepared  by  meta¬ 
stability  exchange  optical  pumping  (MEOP),  "brute  force",  and 
dynamic  nuclear  polarization  (DNP),  and  we  briefly  describe 
these  approaches  here. 

In  MEOP,1481  an  electrical  discharge  is  used  to  create  metasta¬ 
ble  (electronically  excited)  atoms  in  a  dilute  gas.  The  unpaired 
electrons  of  these  metastable  atoms  can  be  spin-polarized  via 
optical  pumping  with  a  laser.  The  angular  momentum  of  the 
electron  spin  may  then  be  transferred  to  the  nuclear  spin  of 
another  gas  atom  in  the  cell  during  a  metastability-exchange 
collision.  The  process  is  allowed  to  continue  until  a  bulk  nucle¬ 
ar  spin  polarization  develops  across  the  cell.  Finally,  a  pump  is 
used  to  compress  the  H P  gas  to  a  sufficient  density  prior  to 
use.1491  MEOP  works  well  for  3Ple[481  and  has  been  highly  effec¬ 
tive  at  producing  clinical-scale  amounts  for  biomedical  imag¬ 
ing  experiments  (e.g.,  [50]);  MEOP  is  generally  less  effective  for 
the  heavier  noble  gas  isotopes  because  of  stronger  relaxation 
mechanisms.15’1 
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Next,  to  understand  the  so-called  brute-force  (BF)  approach, 
one  should  first  consider  the  relation  determining  the  equilibri¬ 
um  ("thermal")  nuclear  spin  polarization  (for  /=1/2  nuclei),  see 
Equation  (2): 

<2> 

where  y  is  the  nuclear  gyromagnetic  ratio,  B0  quantifies  the 
strength  of  the  magnetic  field,  T  is  the  absolute  temperature, 
f)  is  Planck's  constant  divided  by  2jt,  and  k  is  Boltzmann's  con¬ 
stant.  At  room  temperature  and  in  a  typical  superconducting 
magnet,  F* q  will  be  1 0  5— 1 0  6.  Thus,  if  the  sample  tempera¬ 
ture  were  lowered  to  milli-Kelvin  temperatures  (and  enough 
time  were  allowed  for  the  nuclear  spins  to  relax  to  their  new 
equilibrium  conditions),  the  nuclear  spin  polarization  would 
exceed  10%.  Although  the  approach  can  be  time  consuming, 
such  BF  approaches  have  used  3He/4He  dilution  refrigerators  to 
polarize  the  nuclear  spins  in  different  substances,  including 
noble  gases.1521 

Finally,  noble  gases  can  also  be  hyperpolarized  via  DNP.[531 
Here,  the  approach  is  essentially  the  same  as  that  of  dissolu¬ 
tion  DNP  (d-DNP),  introduced  by  Golman  and  co-workers  in 
2003.llcl  Briefly,  the  approach  requires  the  substance  to  be  hy¬ 
perpolarized  (here,  129Xe)  to  be  mixed  in  a  glassy  frozen  matrix 
containing  molecules  with  unpaired  electron  spins  (e.g., 
a  stable  radical  or  a  photoinduced,  non-persistent  radical).15301 
With  the  matrix  placed  at  very  low  temperatures  (-1  K)  and  at 
high  magnetic  field  (several  T),  the  unpaired  electrons  obtain 
a  near-unity  spin  polarization.  The  matrix  is  then  irradiated 
with  microwaves  in  order  to  drive  the  high  spin  polarization  to 
surrounding  nuclei  in  the  matrix,  allowing  a  high  bulk  nuclear 
spin  polarization  to  accumulate  over  time.  The  matrix  is  then 
rapidly  warmed,  sublimating  the  HP  xenon  as  a  pure  gas- 
hence  the  name  "sublimation  DNP"  given  for  this  approach.153151 
Using  DNP,  polarization  values  of -30%  have  been  achieved  in 
-1.5  h,[53bI  despite  identified  issues  with  a  spin-diffusion  bottle¬ 
neck  between  electron  and  129Xe  spins.[53al  Although  the 
amounts  and  polarization  values  achieved  thus  far  with  DNP 
are  not  as  high  as  corresponding  values  achieved  with  SEOP, 
the  advantages  are  the  increasing  availability  and  general  ap¬ 
plicability  of  dissolution  DNP  polarizers  in  biomedical  facilities- 
including  Oxford's  HyperSense[lcl  and  more  recently,  GE  Health¬ 
care's  SPINIab.1541 

2.3.  The  Rise  of  Magnetic  Resonance  Applications  of  Hyper¬ 
polarized  Noble  Gases 

Prior  to  finding  their  way  into  magnetic  resonance,  HP  gases 
found  their  first  applications  in  fundamental  physics  experi¬ 
ments  (work  that  of  course  continues,  see  for  example, 
refs.  [55, 56]).  And  although  the  portions  of  this  Mini-Review 
that  are  dedicated  to  HP  noble  gases  are  largely  concerned 
with  biomedical  applications  of  129Xe,  the  first  MR  applications 
actually  involved  studies  of  materials  (as  well  as  investigations 
of  the  use  of  HP  129Xe  as  a  source  of  hyperpolarization  for 
other  spins). 
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Soon  after  the  demonstration  of  ultra-long  ,29Xe  relaxation 
times  for  frozen  solid  xenon,1461  Pines  and  co-workers  used  HP 
129Xe  NMR  to  probe  the  surfaces  of  powdered  substances14331 
(and  high-field  gas-phase  spectroscopy  was  also  demonstrated 
by  performing  SEOP  within  an  NMR  magnet).14231  Soon  after¬ 
wards,  the  exquisite  sensitivity  of  the  129Xe  chemical  shift  was 
investigated  for  probing  surfaces  of  a  number  of  porous  mate¬ 
rials  and  particles[571-as  was  the  ability  to  transfer  the  129Xe  hy¬ 
perpolarization  to  the  nuclear  spins  of  other  substances.1581  The 
advent  of  continuous-flow  production  of  HP  129Xe[44al  was  soon 
applied  to  greatly  facilitate  studies  of  materials  surfaces,1591  in¬ 
cluding  under  conditions  of  magic  angle  spinning.1601  Since 
that  work,  HP  xenon  has  been  used  to  study  diffusion  in  con¬ 
fined  spaces  or  porous  media;161-631  image  such  systems  as 
a  function  of  gas  flow1641  or  129Xe  chemical  shift;1651  or  spectro¬ 
scopically  probe  single-crystal  surfaces,1661  liquid  crystals,1671  or 
combustion  processes.1681  However,  the  greatest  body  of  mate- 
rials-related  work  has  concerned  the  effort  to  probe  void 
spaces  and  surfaces  in  microporous  or  nanoporous  materials 
with  HP  129Xe,  thereby  providing  information  about  pore  size, 
pore  shape,  and  gas  dynamics  in:  nanochanneled  organic,  or- 
ganometallic,  and  peptide-based  molecular  materials1691  (includ¬ 
ing  in  macroscopically  oriented  single  crystals);1701  multi-walled 
carbon  nanotubes; 17,1  gas  hydrate  clathrates;1721  porous  poly¬ 
meric  materials  and  aerogels;1731  metal-organic  frameworks;1741 
calixarene-based  materials  and  nanoparticles;1751  organo- 
clays;1761  mesoporous  silicas;1771  and  zeolites  and  related  materi¬ 
als1781 — efforts  that  have  been  aided  by  computational  studies 
of  xenon  in  confined  spaces  (e.g.,  ref.  [79]).  For  a  more  in- 
depth  review  of  HP  129Xe  in  microporous  and  nanoporous  ma¬ 
terials,  see  ref.  [80] . 

Indeed,  129Xe  has  found  the  widest  NMR/MRI  application  of 
the  HP  noble  gases-a  fact  that  is  at  least  partially  due  to  its  sig¬ 
nificant  natural  abundance  (26.44%)  and  ready  recoverability 
from  air  during  oxygen  production.  While  3He  does  have  the 
advantage  of  a  roughly  three-fold  greater  gyromagnetic  ratio, 
its  weak  chemical  shift  dependence  and  lack  of  significant  in¬ 
teraction  with  other  substances  make  it  a  poor  probe  of  other 
substances.  More  importantly,  the  lack  of  natural  abundance 
(most  3He  comes  from  tritium  decay)  will  limit  the  future  use 
of  this  isotope  for  wide-scale  magnetic  resonance  applica¬ 
tions.1811  The  rapid  relaxation  suffered  by  the  quadrupolar  iso¬ 
topes  (21Ne,  83Kr,  and  131Xe)  presents  a  challenge  for  most 
HP  NMR  applications,  although  as  pointed  out  by  Meersmann 
and  co-workers,  the  quadrupolar  interaction  also  endows 
a  unique  sensitivity  of  HP  83Kr  to  surface  chemistry  and  local 
geometry  that  can  be  complementary  to  the  information  pro¬ 
vided  by  129Xe  chemical  shift — a  feature  that  can  prove  useful 
for  probing  porous  materials,  lung  tissues,  and  other  sys¬ 
tems.137686'821 

3.  Clinical  Application  of  Hyperpolarized 
Xenon-129  MRI 

HP  xenon-129  MRI  (,29Xe-MRI)  is  an  MRI  modality  first  devel¬ 
oped  in  the  1990s  for  enhanced  lung  imaging  of  ventilation 
and  perfusion  and  regional  information  on  gas  exchange.  It 
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has  been  used  to  image  patients  with  a  number  of  respiratory 
diseases,  including  asthma,  COPD,  and  pulmonary  fibrosis.  In 
addition  to  its  use  in  disease  assessment  and  long-term  man¬ 
agement,  in  vivo  gas-phase  ,29Xe-MRI  has  the  potential  to  pro¬ 
vide  imaging  biomarkers  of  drug  efficacy,  which  could  be  used 
to  stratify  treatment,  improve  patients'  quality  of  life,  and  cut 
down  healthcare  costs.  It  can  also  be  potentially  employed  by 
pharmaceutical  companies  to  speed  up  decision-making  in 
proof-of-concept  studies  in  drug  development. 

3.1.  From  Mice  to  Men 

Identified  by  British  chemists  William  Ramsay  and  Morris  Tra¬ 
vers  in  18981831  (following  their  discovery  of  neon  and  krypton 
a  few  months  earlier),  xenon  is  a  colorless  and  odorless  noble 
gas.  Xenon  initially  captured  the  attention  of  clinicians  as 
a  general  anesthetic  agent  when  Albert  Behnke,  a  US  Navy 
physician,  investigated  the  cause  for  "drunkenness"  observed 
in  deep-sea  divers.1841  Interestingly,  Behnke  also  happened  to 
be  the  clinician  who  had  studied  the  anesthetic  effects  of  ni¬ 
trogen  and  helium  in  humans.1851  It  was  Lawrence  et  al.[851  who 
first  published  experimental  data  on  the  general  anesthetic  ef¬ 
fects  of  xenon  with  mice  as  their  test  subjects.  It  took  clinicians 
5  years  to  put  xenon  to  use  in  clinical  settings,1861  and  xenon 
has  continued  to  be  used  as  a  general  anesthetic  since. 

3.2.  The  Motivation  for  Hyperpolarized  Xenon-129  MRI 

The  next  major  clinical  application  of  xenon-129  came  in  1994 
in  the  form  of  its  use  as  an  inhalational  contrast  agent  for 
magnetic  resonance  imaging  (MRI).1871 

Plain  radiograph  and  computed  tomography  (CT)  are  cur¬ 
rently  the  main  modalities  used  to  image  the  lungs  in  clinical 
settings.  Despite  their  ability  to  provide  detailed  anatomical 
data,  in  particular  with  high  resolution  CT,  their  main  draw¬ 
backs  are  the  risks  involved  with  repeated  radiation  exposure 
and  the  inability  to  provide  physiological  information  on  re¬ 
gional  lung  function.  Although  conventional  MRI  has  been 
a  game-changer  in  both  neuro  and  hepatic  imaging,  its  de¬ 
pendence  on  the  protons  of  water  molecules  in  tissue  to  pro¬ 
vide  nuclear  magnetic  resonance  (NMR)  signal1871  has  meant 
that  it  is  of  little  value  in  imaging  the  lungs  due  to  poor  image 
quality  because  of  three  factors:  1-  low  proton  abundance 
within  the  lung  parenchyma,  2-  air-tissue  interface  causing 
magnetic  field  heterogeneity,  and  3-  image  degradation  secon¬ 
dary  to  cardiac  and  respiratory  motion.1881 

The  NMR  signal  strength  of  a  given  species  depends  on  its 
nuclear  spin,  that  is,  polarization,  concentration,  and  the 
volume  of  the  element.  Except  for  those  in  water  and  fat,  the 
concentrations  of  all  other  protons  and  nuclear  species  are  too 
low  to  be  of  use  in  conventional  MRI.  However,  hyperpolariza¬ 
tion  can  be  used  to  overcome  the  otherwise  low  detection 
sensitivity  for  low-concentration  spins.  For  example,  by  deliver¬ 
ing  HP  129Xe  to  excised  mouse  lungs,  Albert  and  colleagues 
were  able  to  obtain  improved  MR  lung  images  compared  to 
those  obtained  with  conventional  MRI.1871 
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3.3.  Hyperpolarized  Xenon-129  MRI — There  and  Back  Again 

HP  xenon-129  MRI  of  human  lungs,  which  are  obviously  much 
larger  than  those  of  mice,  proved  challenging;  it  took  physi¬ 
cists  three  years  following  Albert's  paper  in  1994  to  be  able  to 
publish  data  on  human  studies.1891  The  challenge  was  due  to 
the  need  to  produce  much  larger  quantities  of  HP  129Xe  and  to 
achieve  adequate  levels  of  polarization.  Furthermore,  conven¬ 
tional  MR  imaging  sequences  had  to  be  modified  as  the  polari¬ 
zation  of  the  noble  gas  is  non-renewable,  and  some  polariza¬ 
tion  is  lost  every  time  an  MR  excitation  pulse  is  applied.1901 
These  issues  led  to  a  shift  in  interest  from  129Xe  to  helium-3 
(3He),  a  fellow  noble  gas,  whose  larger  gyromagnetic  ratio  and 
larger  achievable  polarization  compared  to  ,29Xe  at  the  time  al¬ 
lowed  for  better  signal  intensity  and  image  resolution  for 
a  given  amount  of  HP  gas.1911 

Interest  in  129Xe  was  reignited  in  the  early  2010s;  this  resur¬ 
gence  was  due  to  the  fact  that  contrary  to  129Xe,  which  is  natu¬ 
rally  occurring,  3He  is  a  byproduct  of  tritium  decay.  3He  had 
become  scarce  as  the  US  sequestered  3He  for  3He-based  neu¬ 
tron  detectors  for  national  security,  leading  to  extremely  low 
availability  of  3He  for  scientific  research  and  an  exponential  rise 
in  its  price.[9,bl  As  a  result,  it  was  unlikely  that  3He-MRI  would 
become  a  routine  imaging  modality  in  clinical  settings,  and  so 
interest  in  129Xe-MRI  was  rekindled. 

3.4.  Safety  &  Tolerability  Profile  in  Patient  Groups 

Over  the  past  two  decades,  129Xe-MRI  has  been  improved  and 
utilized  in  imaging  a  wide  range  of  respiratory  diseases,  includ¬ 
ing  asthma,1921  chronic  obstructive  pulmonary  disease 
(COPD),1926,931  cystic  fibrosis  (CF),[92al  and  pulmonary  fibrosis.1941 
Studies  specifically  designed  to  investigate  the  safety  and  tol¬ 
erability  of  129Xe-MRI  have  not  shown  major  common  side  ef¬ 
fects  in  various  patient  groups,  including  those  with  asth¬ 
ma,19231  and  mild-moderate  COPD, 1923,951  with  light-headedness 
of  very  short  duration  as  the  main  reported  minor  side  effect. 

3.5.  Ventilation  Imaging 

Ventilation  imaging  provides  valuable  clinically  relevant  infor¬ 
mation  relevant  to  regional  lung  function.  Regions  with  normal 
ventilation  typically  appear  bright  and  homogenous  on  129Xe- 
MRI,  and  in  a  healthy  subject  with  normal  lung  function,  both 
lungs  show  relatively  homogenous  ventilation  except  for  two 
regions  (as  seen  in  Figure  2  and  discussed  in  the  caption).  In 
those  with  diseased  lungs  where  regional  ventilation  is  im¬ 
paired,  the  abnormal  regions  will  appear  darker;  these  regions 
are  called  "ventilation  defects". 

Compared  to  healthy  volunteers,  129Xe  distribution  has  been 
shown  to  be  regionally  heterogeneous  with  ventilation  defects 
in  a  number  of  different  patient  groups,  including  those  with 
asthma,  COPD,  and  CF.[923'93c,dl  Ventilation  imaging  has  also 
been  shown  to  correlate  with  spirometry19341  and  CT  findings1961 
in  patients  with  COPD. 

Additionally,  ventilation  imaging  has  been  used  to  assess 
the  efficacy  of  drug  therapy.  Studying  the  impact  of  Salbuta- 
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Figure  2. 129Xe-MRI  of  a  healthy  volunteer,  a)  Coronal  plane  25  mm  slice 
129Xe-MR  ventilation  image  of  a  healthy  adult  male,  with  129Xe  appearing 
bright.  The  upper  airways  are  visualized  and  delineated,  b)  Coronal  plane 
25  mm  slice  fused  129Xe-MR  ventilation  and  proton  co-registration  image, 
with  129Xe  appearing  blue-green.  The  two  black  regions  pointed  out  in  the 
fused  image  (yellow  arrows)  are  due  to  a  diaphragmatic  eventration  and 
pulmonary  vasculature,  clearly  defined  on  the  fused  image  (blue  arrows).  J. 
Thorpe,  B.  Haywood,  M.  Barlow,  S.  Safavi  &  I.  Hall — University  of  Nottingham 
(Unpublished  work). 


mol  in  patients  with  asthma,  Parragra's  group[92bl  has  reported 
a  significant  reduction  in  ventilation  defects  after  Salbutamol 
administration. 

Hence  129Xe-MR  ventilation  imaging,  although  appearing 
simple,  can  be  used  to  not  only  assess  disease,  but  to  also 
assess  drug  efficacy  and  monitor  disease  progression. 


3.6.  Diffusion  Imaging 

The  apparent  diffusion  coefficient  (ADC)  of  gas  within  lung  is 
a  function  of  alveolar  size  and  geometry.  This  can  be  assessed 
using  129Xe-MRI  to  characterize  pulmonary  microstructure  at 
the  alveolar  level,  as  seen  in  Figure  3. 

129Xe-MRI  derived  ADC  mapping  has  been  shown  to  corre¬ 
late  well  with  pulmonary  function  tests, [93d'951  including  total 
diffusing  capacity  for  the  lung  (TLco).  This  is  of  important  clini¬ 
cal  significance,  as  it  clearly  illustrates  the  ability  of  ,29Xe-MRI 
to  provide  regional  quantitative  lung  function  data.  In  addition 


Figure  3.  ADC  map  of  a  healthy  volunteer  and  a  patient  with  COPD. 
a)  Healthy  volunteer  with  a  low  mean  ADC  of  0.037 ±0.021  cm2s-1,  indicat¬ 
ing  normal  alveolar  microstructure,  b)  Patient  with  COPD  with  high  ADC 
values  (0.068  ±0.028  cm2s_1)  in  the  parenchyma,  indicating  alveolar  destruc¬ 
tion.  Reproduced  with  permission  from  Ref.  [95]  John  Wiley  &  Sons,  Ltd., 
2011. 
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to  its  potential  use  in  disease  diagnosis,  monitoring  and  as¬ 
sessing  therapeutic  drug  efficacy,  diffusion  imaging  can  also  be 
used  to  plan  surgery,  including  tumor  resection  and  lung 
volume  reduction  surgery  for  emphysema,  as  it  can  aid  predic¬ 
tion  of  post-surgery  lung  function.  The  predicted  post-surgery 
lung  function  is  currently  calculated  using  ventilation  or  perfu¬ 
sion  scintigraphy  and  quantitative  CT;  however,  there  is  a  risk 
that  scintigraphy,  the  most  commonly  used  imaging  modality, 
may  underestimate  post-operative  lung  function,1971  thereby, 
preventing  the  patient  from  undergoing  potentially  curative 
surgery. 


3.7.  Dissolved  Phase  Imaging 

129Xe  (in  contrast  to  3He)  is  highly  lipophilic  and  soluble  in  bio¬ 
logical  tissues  and  thus  is  able  to  provide  information  on  gas 
exchange  and  pulmonary  perfusion,  which  can  be  particularly 
interesting  in  the  context  of  functional  lung  imaging.1981  It  is 
the  associated  persistent  exchange  of  129Xe  between  the  gas 
and  dissolved  compartments,  each  with  its  own  different  reso¬ 
nance  frequencies,  that  is  central  to  assessing  gas  exchange 
using  ,29Xe-MRI.[991  Therefore,  combined  imaging  of  the  gas 
phase  129Xe  and  the  dissolved  phase  129Xe  would  permit  venti¬ 
lation/perfusion  (V/Q)  imaging-and  consequently  a  more  direct 
mapping  of  lung  function.1871  Hence,  although  129Xe-MRI  initially 
lagged  behind  3He-MRI,  developmental^,  this  capability  pro¬ 
vides  another  reason  why  129Xe-MRI  is  likely  to  be  the  pragmat¬ 
ic  HP  noble  gas  MRI  modality  of  choice. 

Although  the  majority  of  the  inhaled  129Xe  remains  in  the  air¬ 
spaces,  where  it  exhibits  its  primary  gas-phase  resonance, 
a  portion  dissolves  in  alveolar  septa  and  crosses  the  alveolar¬ 
capillary  barrier  to  dissolve  in  the  blood.  The  resulting  shift  in 
the  resonance  frequency  leads  to  the  appearance  of  two  addi¬ 
tional  distinct  resonances:  1)  the  barrier  resonance,  and  2)  the 
hemoglobin-associated  129Xe  resonance,  as  seen  in  Figure  4 
(We  note  the  intensity  differences  between  the  two  spectra 
are  due  primarily  to  the  variation  in  the  amount  and  speed  at 
which  hyperpolarised  xenon  gas  was  inhaled  by  the  two  vol- 


Figure  4. 129Xe  NMR  spectra  recorded  from  two  healthy  volunteers.  Two 
dotted  lines  have  been  placed  to  represent  the  expected  dissolved  state 
peaks,  the  left  most  line  representing  the  expected  -196  ppm  lung  paren¬ 
chyma  peak,  and  the  right  most  line  representing  the  expected  216  ppm 
red  blood  cell  peak.  S.  Hardy,  B.  Haywood,  M.  Barlow,  S.  Safavi  &  I.  Hall — Uni¬ 
versity  of  Nottingham  (Unpublished  work). 
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unteers.  As  volunteers  became  more  familiar  with  the  breath¬ 
ing  protocol,  the  improvements  in  both  ventilatory  image 
quality  and  dissolved  phase  signal/noise  were  noted).  This 
transfer  pathway  is  identical  to  that  followed  by  oxygen;  there¬ 
fore,  in  addition  to  being  a  ventilation  probe,  ,29Xe  is  also 
a  gas  diffusion  transfer  probe.[94aI 

The  signal  intensity  of  the  dissolved  phase  129Xe  is  approxi¬ 
mately  2%  of  that  remaining  in  the  alveolar  spaces,  which 
presents  a  challenge  to  obtaining  good  quality  images.19431 
However,  as  the  alveolar  space,  alveolar  septa,  and  capillary 
blood  are  in  dynamic  exchange,  it  is  possible  to  use  nearly  all 
of  the  inhaled  gas  to  generate  3D  images  of  dissolved  ,29Xe  in 
a  single  breath-hold,  as  demonstrated  in  a  number  of  studie- 

s  [94a,  100] 

Another  challenge  is  to  distinguish  between  xenon  dissolved 
in  the  alveolar  septa  and  that  dissolved  in  the  blood.  Various 
teams  have  used  the  chemical  shift  and  the  change  in  reso¬ 
nance  frequency  to  distinguish  xenon  in  these  two  compart- 
ments1983,1011  as  the  dissolved-phase  129Xe  signal  splits  into  two 
distinct  peaks  in  alveolar  septa  and  blood.  These  methods, 
known  as  the  Xenon  Polarization  Transfer  Contrast 
(XTC)[98a,101b'cl  and  the  Model  of  Xenon  Exchange  (MOXE),[10l3'd'el 
have  been  assessed  in  healthy  volunteers11021  and  patients  with 
obstructive  lung  disease, 110231  with  promising  results. 

Further  testing  these  methods,  Kaushik  et  al.[94al  hypothe¬ 
sized  that  there  will  be  a  reduction  in  ,29Xe  signal  intensity  in 
the  hemoglobin :alveolar  septum  ratio  in  patients  with  idio¬ 
pathic  pulmonary  fibrosis  (IPF),  due  to  the  thickening  of  the  al¬ 
veolar  septa  in  this  condition.  MR  spectroscopy  was  used  to 
demonstrate  the  change  in  relative  signal  intensity  in  patients 
with  IPF  compared  to  healthy  volunteers.  The  ratio  was  signifi¬ 
cantly  lower  in  the  IPF  group  compared  to  the  healthy  volun¬ 
teer  group,  due  to  a  52%  reduction  in  the  hemoglobin  signal 
and  a  58%  increase  in  the  alveolar  septa  signal.  There  was 
a  strong  correlation  between  the  hemoglobin :alveolar  septum 
ratio  and  TLco.  Therefore,  this  technique  appears  to  provide 
a  non-invasive  measure  of  diffusion  limitation  and  gas-transfer 
impairment. 

These  findings  suggest  that  ,29Xe-MRI  has  the  potential  to 
detect  subtle  lung  function  deterioration  before  irreversible 
structural  changes  become  apparent,  providing  clinicians  with 
the  chance  to  offer  therapy  (when  available),  at  an  earlier 
stage  in  order  to  delay,  halt  or  reverse  disease  progression. 

3.8.  Neuroimaging 

129Xe-MR  brain  imaging  is  emerging  as  a  distinct  possibility. 
Just  as  xenon  can  be  used  as  a  gas  exchange  probe  due  to  its 
ability  to  dissolve  across  the  alveolar-capillary  barrier,  it  can 
also  be  used  as  a  cerebral  blood  flow  (CBF)  probe,  as  it  can 
cross  the  blood-brain  barrier  and  accumulate  in  the  brain.11031 
First  utilized  in  its  non-polarized  form  for  CBF  measurement 
using  CT  in  1982, 11041  Swanson  et  al.[1051  were  the  first  group  to 
publish  data  on  brain  MR  imaging  using  HP  129Xe  as  an  inhaled 
neuroimaging  contrast  agent,  albeit  in  rats.  Animal  studies 
have  continued  over  the  past  two  decades,  using  HP  129Xe  as 
both  an  inhalational11061  and  injectable  contrast  agent.11071 
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Diseased  states  have  also  been  imaged  in  the  rat  model. 
Xenon  signal  in  the  brain  is  proportional  to  CBF,  hence  a  de¬ 
crease  in  the  signal  is  expected  to  occur  in  areas  of  decreased 
CBF,  such  as  those  expected  in  ischemic  stroke.  Working  on 
this  principle,  Zhou  et  al.[1081  created  a  rat  model  of  cerebral  is¬ 
chemia  by  using  an  intraluminal  suture  to  occlude  the  middle 
cerebral  artery,  and  demonstrated  129Xe-MRI  is  able  to  detect 
the  hypo-perfused  area  of  focal  cerebral  ischemia,  which  was 
also  confirmed  on  biopsy.  Mazzanti  et  al.[1091  further  demon¬ 
strated  the  capacity  of  129Xe-MRI  for  functional  neuroimaging 
by  inducing  pain  in  the  rat's  forepaw,  and  obtaining  129Xe-MR 
images,  which  showed  13-28%  increase  in  signal  compared  to 
the  pre-stimulus  images;  these  regions  of  increased  signal  cor¬ 
responded  to  areas  previously  demonstrated  by  conventional 
functional  MRI  (f-MRI)  as  being  activated  by  a  forepaw  pain 
stimulus. 

It  remains  to  be  seen  whether  129Xe-MR  neuro-imaging  is 
feasible  in  humans  and  of  value  but  developmental  work  is 
on-going. 

3.9.  Conclusion 

Biomarkers  of  disease  can  be  classified  into  diagnostic,  prog¬ 
nostic,  and  theranostic.  The  ideal  biomarker  encompasses  all 
groups,  and  l29Xe-MRI  has  the  potential  to  provide  diagnostic, 
prognostic,  and  theranostic  biomarkers. 

4.  Brown-Fat  MRI  using  Dissolved  Hyperpolar- 
ized  129Xe 

For  biological  MR  applications,  one  of  the  most  interesting 
properties  of  HP  xenon  is  its  high  tissue  solubility  and  its 
chemical  shift  sensitivity  to  its  molecular  environment.  Howev¬ 
er,  MR  imaging  and  spectroscopy  applications  of  dissolved- 
phase  HP  xenon  have  been  limited  to  brain  and  lung  tissues 
(as  described  in  the  sections  above),  as  the  concentration  of 
dissolved-phase  xenon  in  other  tissues  is  rarely  high  enough  to 
yield  good  signal  after  the  typical  single  breath-hold  protocol 
used  for  human  studies.  Neglecting  nuclear  spin  relaxation  and 
magnetization  loss  due  to  NMR  pulsing,  the  time  dependence 
of  xenon  concentration  in  tissues  C,(f)  is  well  described  by  the 
Kety-Schmidt,  Equation  (3):[110] 

C,(f)=A,CB(l  -e-£f)  (3) 

where  A,-,  is  the  xenon  partition  coefficient  between  tissue  and 
blood,  Ca  is  the  arterial  concentration  of  the  inert  gas,  and  F,  is 
the  blood  flow  to  the  tissue  of  interest.  For  most  tissues,  A,-, 
which  determines  both  the  maximum  concentration  achieva¬ 
ble  in  a  given  tissue  and  the  time  it  takes  to  achieve  maximum 
concentration,  is  close  to  unity.11111  However,  F„  which  also  de¬ 
termines  wash-in  rate,  varies  widely.  For  example,  blood  flow 
to  the  brain  is  very  high  (-0.5  Lmin“1kg_1)  and  the  maximum 
xenon  concentration  in  this  tissue  can  be  reached  after  a  few 
seconds  from  the  beginning  of  gas  inhalation.  On  the  other 
hand,  while  the  solubility  of  xenon  in  fatty  tissues  is  almost 
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20  times  higher  than  in  blood,  because  of  the  low  tissue-perfu¬ 
sion  (-0.01  Lmin^kg-1),  saturation  can  only  be  reached  after 
several  minutes.  For  HP  ,29Xe  gas,  this  is  a  clear  limitation,  as 
gas  depolarization  would  limit  the  amount  of  detectable  signal 
even  under  continuous  HP  xenon  inhalation  (because  of  short 
in  vivo  7j  relaxation  times). 

It  was  recently  shown  that  the  intensity  of  the  xenon  dis- 
solved-phase  signal  could  reach  much  higher  levels  than  in  the 
brain  in  a  tissue  called  Brown  Adipose  Tissue  (BAT).11121  Brown 
adipose  tissue  is  a  fatty  tissue  found  in  most  mammals,  includ¬ 
ing  humans,  and  its  primary  function  is  to  generate  heat 
through  a  process  called  non-shivering  thermogenesis.11131 
During  stimulation  of  non-shivering  thermogenesis  in  this 
tissue,  intracellular  triglyceride  oxidation  is  decoupled  from 
ATP  production  so  that  triglycerides  are  mainly  burned  to  pro¬ 
duce  heat.  To  support  this  metabolic  activity,  BAT  is  richly  vas¬ 
cularized.  During  non-shivering  thermogenesis,  tissue  perfu¬ 
sion  increases  by  several  fold  as  blood  flow  is  needed  to  sup¬ 
port  the  tissue's  oxygen  demand  and  to  quickly  dissipate  the 
heat  produced. 

Aside  from  its  thermoregulatory  function,  BAT  has  recently 
gained  a  great  deal  of  interest  because  of  its  presumed  role  in 
the  regulation  of  body  weight  and  blood  glucose  level.  For  ex¬ 
ample,  a  series  of  studies  in  rodents  have  clearly  shown  that 
BAT  function  can  directly  regulate  body  weight  and  improve 
insulin  sensitivity.11141  However,  the  detection  of  this  tissue  still 
remains  a  challenge,  especially  in  humans,11151  where  it  is 
sparsely  distributed  and  not  easy  to  detect  by  standard  MR 
techniques.  In  the  paper  by  Branca  et  al.,[23]  a  strong  enhance¬ 
ment  of  the  intensity  of  the  xenon-dissolved  phase  signal  was 
reported  in  mice  inhaling  HP  ,29Xe  right  after  stimulation  of 
non-shivering  thermogenic  activity  in  BAT,  an  effect  which  was 
ascribed  to  the  strong  enhancement  in  blood  flow  to  BAT.11161 
Blood  flow  to  this  tissue  during  stimulation  can  reach  values  as 
high  as  5  Lmin-1  kg-1,1 11161  considerably  increasing  xenon  wash- 
in  rate  and  allowing  it  to  reach  an  in-tissue  concentration  of 
tens  of  itim.  Since  the  increase  in  blood  flow  is  specific  to 
brown  fat  cells,  background  free  maps  of  this  tissue  could  be 
generated. 

More  interestingly,  it  was  also  shown  that  xenon  chemical 
shift  information  can  provide  a  measure  of  the  relative  tissue 
hydration  and  tissue  temperature.  Specifically,  two  major  peaks 
were  observed  in  these  studies.  One  signal,  at  -197  ppm,  cor¬ 
responds  to  xenon  dissolved  in  cell  cytoplasm/blood,  and  one 
signal  at  -190  ppm  corresponds  to  xenon  dissolved  in  the 
lipid  droplets  of  the  tissue.  The  lipid-dissolved  peak  was  shown 
to  have  a  temperature-sensitive  chemical  shift  (—0.2  ppm  cC_1), 
which  enabled  direct  measurement  of  the  increase  in  tissue 
temperature  (Figure  5)  during  non-shivering  thermogenesis.1231 
In  addition,  during  non-shivering  thermogenesis,  a  relative  de¬ 
crease  of  the  lipid-dissolved  phase  peak  was  observed  with  re¬ 
spect  to  the  cytoplasm/blood  peak,  yielding  direct  evidence  of 
this  tissue's  oxidative  metabolism  of  internal  triglycerides. 

More  recently,  the  feasibility  of  BAT  detection  in  humans 
during  a  single  breath  hold  of  HP  xenon  was  demonstrated, 
with  validation  by  FDG-PET.[1171  As  in  mice,  a  strong  increase  in 
the  lipid  dissolved  xenon  signal  was  seen  in  the  same  glucose- 
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Figure  5. 129Xe  brown  adipose  tissue  (BAT)  temperature  map  overlaid  on 
a  sagittal  'H  image.  These  temperature  maps  were  obtained  by  using  the 
lipid-dissolved  xenon  signal  as  a  temperature  probe.  The  temperature  coeffi¬ 
cient  of  the  lipid-dissolved  xenon  chemical  shift  was  measured  to  be 
-0.2  ppm  C~\ 

avid  area  of  the  supraclavicular  fat  depot.  More  interestingly, 
xenon  spectra  showed,  in  addition  to  the  lipid-dissolved  phase 
peak,  a  nearby  peak  around  200  ppm  that  was  attributed  to 
xenon  dissolved  in  red  blood  cells  (RBCs),  a  signal  that  provid¬ 
ed  direct  evidence  of  the  strong  increase  in  tissue  blood  flow 
as  the  main  drive  for  the  increase  in  xenon  tissue  uptake. 

By  being  a  highly  vascularized  fatty  tissue,  BAT  is  clearly  an 
easy  target  for  the  lipophilic  xenon.  In  this  case,  HP  ,29Xe  gas 
MRI  is  a  "one-stop  shop"  for  human  BAT  studies  as  it  is  capable 
of  providing  both  morphological  and  functional  information. 


5. 129Xe  Cages  and  Hyper-CEST  MRI 

5.1.  Bound  xenon  and  molecular  hosts 

In  addition  to  the  NMR  study  of  HP  Xe  in  the  gas  phase  and 
the  studies  of  tissue-dissolved  Xe  as  described  above,  the  affin¬ 
ity  of  xenon  to  reside  in  hydrophobic  pockets  enables  addi¬ 
tional  insights.  This  phenomenon  made  xenon  a  tool  for  ex¬ 
ploring  binding  sites  on  protein  surfaces1201  with  some  effort 
being  put  on  spin  polarization  transfer  to  nuclei  in  nearby  resi¬ 
dues  that  form  the  catalytic  site  of  enzymes.  Hence,  detection 
of  proton  signals  with  and  without  adding  HP  nuclei  could 
identify  the  pocket-related  residues.11111  Xe  NMR  spectra  them¬ 
selves  can  also  show  signals  indicative  of  bound  atoms.  Such 
a  population  could  either  cause  a  shift  of  the  dissolution  peak 
or  a  distinct  signal  given  the  exchange  rate  would  fall  into  the 
right  regime.11121  An  example  are  red  blood  cells11131  where  the 
signal  of  "bound"  Xe  is  ascribed  to  the  interaction  with  hemo¬ 
globin.11181  Several  experiments  first  used  lyophilized  protein 
powder  samples,  for  example,  of  lipoxygenases.11191  NMR  of  dis¬ 
solved  Xe  has  been  applied  to  identify  binding  pockets  of  lipid 
transfer  protein,11201  and  for  observation  of  conformational 
changes  in  maltose  binding  protein,11211  and  chemotaxis  Y  pro¬ 
tein.11221  Besides  specific  site  affinity  for  native  structures,  pro¬ 
tein  engineering  also  allowed  for  the  design  of  conformation- 
sensitive  binding  pockets  as  demonstrated  with  the  ribose 
binding  protein.11231 
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The  binding  of  Xe  to  synthetic  hosts  where  the  cavity  has 
a  simpler  design  than  in  proteins  can  be  even  more  pro¬ 
nounced.  a-cyclodextrin[1241  still  comes  with  fast  exchange  but 
cucurbit[n]urils11251  (CBn,  n  =  5,  6)  show  distinct  peaks  for 
bound  Xe,  as  do  cryptophanes,  a  family  of  molecular  cages 
with  some  members  that  show  rather  high  Xe  affinity  ( K> 
103m-1).11261  It  has  been  shown  that  different  members  of  this 
group  show  distinct  signals  of  bound  xenon  (Figure  6a).  In  par¬ 
ticular  cryptophane-A,  CrA,  is  often  used  for  conferring  a  dis¬ 
tinct  chemical  shift  to  bound  Xe  ca.  130  ppm  upfield  from  the 
signal  of  free  Xe  in  aqueous  solution. 


a) 


original  chem.  shift 

© 

Xe  host 
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Figure  6.  Caged  Xe  biosensor  concept,  and  Hyper-CEST  detection,  a)  Differ¬ 
ent  Xe  hosts  confer  different  chemical  shifts  to  the  bound  atoms  that 
enable  readout  at  distinct  resonance  frequencies,  b)  Xe  inside  a  molecular 
host  changes  its  resonance  frequency  upon  binding  to  a  target  structure, 
c)  Selective  Hyper-CEST  saturation  at  one  of  these  frequencies  causes 
a  cloud  of  depolarized  Xe  around  the  respective  host.  The  reduced  signal 
from  free  Xe  represents  an  amplified  information  from  the  small  amount  of 
cages,  d)  Sweeping  the  saturation  pulse  over  a  certain  frequency  range  and 
subsequent  observation  of  the  magnetization  from  free  Xe  yields  a  Hyper- 
CEST  spectrum  for  comparing  the  performance  of  different  hosts. 


5.2.  Xenon  biosensor  concept 

These  molecular  cages  triggered  the  field  of  Xe  biosensors 
where  (for  example)  a  variant  of  CrA  is  used  as  the  NMR-active 
reporter  being  tethered  to  a  binding  unit  to  reveal  the  pres¬ 
ence  of  a  certain  analyte  (Figure  6  b).  The  first  implementation 
was  shown  with  the  biotin-avidin  system.11271  This  original  pub¬ 
lication  also  introduced  the  multiplexing  option  that  this  con¬ 
cept  offers.  This  feature  is  inherent  to  the  different  cage  types 
(like  in  Figure  6a),  but  also  small  chemical  modifications  on 
the  cage,  for  example,  deuteration,[127bl  already  provide  a  host- 
guest  system  with  a  different  resonance  frequency.  Thus  the 
combination  of  different  hosts  with  different  targeting  units 
would  allow  for  detecting  multiple  analytes  simultaneously. 

The  sensing  capability  initially  relied  on  a  change  in  chemi¬ 
cal  shift  and  direct  detection  of  the  bound  Xe  signal-a  concept 
that  was  later  partially  revised  due  to  anticipated  loss  of  spec¬ 
tral  resolution  in  cells  and  live  animals.  Optimization  for  this 
concept  included  first  and  foremost  increasing  the  Xe  affinity 
and  maximizing  the  detected  chemical  shifts.  It  is  obvious  that 
the  cage  size  impacts  the  binding  constant  as  illustrated  in 
a  comparative  review,11281  but  substitutions  on  CrA  and  crypto- 
phane-111  can  also  increase  the  affinity.11291  Understanding  the 
details  behind  the  complexation  of  Xe  revealed  induced  fit 
properties11301  and  displacement  of  water11311  as  contributing 
forces.  The  linker  length  between  cage  and  targeting  unit  is 
a  critical  parameter  for  enabling  the  right  balance  between 
sufficient  mobility  required  for  narrow  resonances  and  desired 
surface  contact  with  the  target  to  shift  the  signal.11321  Another 
relevant  aspect  of  cryptophane-based  sensors  is  the  poor 
water  solubility  of  the  host.  While  many  cages  were  first  char¬ 
acterized  in  organic  solvents,  various  synthesis  studies  suc¬ 
ceeded  to  improve  solubility.11291'131,1331 


5.3.  Hyper-CEST  signal  amplification 

The  focus  on  the  binding  properties  somewhat  shifted  with 
the  advent  of  MR  imaging  protocols  for  such  sensors.  The  low 
concentration  of  caged  atoms  (typically  <1CT5m)  requires  ex¬ 
tensive  signal  averaging  for  conventional  detection.  Initial 
imaging  applications  were  slow  and  limited  to  selected  spatial 
dimensions.11341  To  improve  this  situation,  the  chemical  ex¬ 
change  of  Xe  became  an  important  parameter.  One  method 
for  enhanced  sensitivity  in  spectroscopy  applications  uses  se¬ 
lective  read-out  of  the  caged  Xe  signal  while  the  pool  of  dis¬ 
solved  Xe  serves  as  a  polarization  reservoir.11351  This  principle 
was  also  used  in  imaging11361  but  has  its  limitations  due  to  the 
timing  that  comes  with  frequency  selective  excitation  pulses 
with  defined  flip  angles. 

However,  inverting  the  roles  of  the  participating  pools,  that 
is,  manipulating  the  dilute  pool  and  detecting  the  abundant 
solution  pool,  enables  significant  signal  enhancements.  The 
method  with  selectively  saturating  the  magnetization  from  the 
dilute  pool  (either  through  cw  irradiation,  or  by  using  a  train 
of  shaped  excitation  pulses)  and  observing  the  signal  decrease 
of  the  other  pool  (Figure  6c)  is  called  chemical  exchange  satu¬ 
ration  transfer  (CEST),  first  introduced  by  Balaban  and  co-work- 
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ers.[137]  Combining  CEST  with  HP  nuclei  was  first  demonstrated 
by  the  Pines  lab  for  an  imaging  application  and  coined  Hyper- 
CEST.[1381  With  Hyper-CEST,  host  concentrations  as  low  as 
~1CT8m  become  accessible-even  for  imaging.1'391  The  effect 
strongly  depends  on  the  exchange  rate  and  therefore  it  can 
also  sense  system  parameters  like  ambient  temperature.11401 
The  spectral  dimension  can  be  recovered  by  performing 
a  series  of  experiments  in  which  the  saturation  pulse  is  swept 
over  a  certain  frequency  range  (Figure  6d),  thus  providing  an¬ 
other  method  to  sense  parameters  that  influence  the  chemical 
shift.11411  It  also  preserves  the  multiplexing  option  mentioned 
early  on. 


5.4.  Xe  Biosensor  Applications  in  Cell  Biology 

The  improved  detection  limits  for  imaging  made  it  possible  to 
address  problems  under  more  biologically  realistic  conditions. 
To  date,  cryptophane-based  sensors  that  use  specific  binding 
to  the  target  have  been  implemented  for  sensing  the  enzyme 
MMP7, 11421  nucleotides,11431  human  carbonic  anhydrase,11441  MHC 
class  II,11451  zinc  ions,11461  the  glycoprotein  CD1411471  and  the  re¬ 
ceptors  for  integrin, 11481  transferrin,11491  EGF, 11501  and  folate.11511  An 
indirect  binding  approach  was  pursued  through  in  situ  click 
chemistry  with  metabolically  labeled  cell  surface  glycans.11521 
Conformational  changes  of  the  sensor  induced  by  changes  in 
pH  represent  an  approach  for  stimulus-induced  binding.11531 

As  part  of  these  studies,  cell  uptake  and  toxicity  evaluations 
set  the  bar  for  target  concentrations  of  functionalized 
hosts.1148,1541  Xe  itself  passes  the  cell  membrane11491  and  does 
not  require  further  attention  to  reach  intracellular  targets.  Cell- 
penetrating  peptides  proved  to  be  a  valuable  measure  for  ach¬ 
ieving  micromolar  intracellular  concentrations.  However,  they 
are  not  an  absolute  requirement  since  the  hydrophobic  charac¬ 
ter  of  CrA  can  mediate  membrane  association  and  therefore 
enables  certain  types  of  cellular  labeling.11551  Sensors  with 
highly  specific  binding  motifs  (e.g.,  antibodies1147,1501  or  bioor- 
thogonal  reaction  partners)11521  only  require  sample-averaged 
concentrations  of  10  8  m  for  MRI. 

Critically,  the  membrane  affinity  of  CrA  can  be  clearly  identi¬ 
fied  by  a  ca.  10  ppm  downfield  shift  for  Xe  in  membrane-asso¬ 
ciated  CrA.11561  This  property  proved  primarily  useful  to  identify 
cell-associated  cages  in  the  first  live-cell  experiments.1149,15531  A 
closer  look  in  combination  with  FRET  data  revealed  partition¬ 
ing  coefficients  on  the  order  1 02— 1 03  for  different  membrane 
compositions.11571  This  work  also  initiated  a  new  class  of  Hyper- 
CEST  experiments  for  investigating  membrane  fluidity  and  in¬ 
tegrity:  Due  to  the  accelerated  exchange,  Xe  signals  from 
membrane-embedded  cages  do  only  differ  marginally  in  chem¬ 
ical  shift.  However,  build-up  of  the  CEST  effect  can  be  very  dif¬ 
ferent  depending  on  membrane  fluidity.  Comparative  studies 
are  possible  when  irradiating  a  pool  of  caged  Xe  at  fixed  satu¬ 
ration  power  and  frequency  but  increasing  saturation  time. 
Evaluating  the  (multi-)exponential  depolarization  with  an  in¬ 
verse  Laplace  transformation  yields  characteristic  time  con¬ 
stants  for  different  environments.11581  The  method  called  DeLTA 
(depolarization  Laplace  transform  analysis)  can  also  be  used  to 
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discriminate  cholesterol  content  and  the  onset  of  lipid  domain 
fluctuations.11591 


5.5.  Host  Optimization 

In  order  to  explore  a  large  chemical  shift  range  of  different 
sensors,  the  impact  of  metal  ion  chelation  in  close  proximity  to 
the  cage  provides  a  means  to  diversify  signals.11601  Along  this 
line,  attached  Gd-chelates  can  serve  as  relaxation  switches  for 
129Xe  which  are  detachable  through  chemical  reactions.11611  Re¬ 
garding  Hyper-CEST  detection,  improved  efficiency  depends 
on  the  exchange  properties,  which  are  sub-optimal  for  CrA. 
Faster  exchanging  hosts  such  as  CB61’621  and  CB711631  are  cur¬ 
rently  under  investigation.  Their  binding  properties  for  com¬ 
petitive  guests  must  be  taken  into  account  but  this  versatile 
binding  phenomenon  on  the  other  hand  enables  the  option  to 
implement  detection  of  other  guests  via  displacements  ap¬ 
proaches.  An  example  is  the  mapping  of  lysine  decarboxylase 
(LDC)  activity  where  the  enzymatic  product  cadaverine 
quenches  the  Hyper-CEST  effect.11631  Related  to  this  is  an  imple¬ 
mentation  of  a  sensor  relay  in  which  the  cavity  becomes  acces¬ 
sible  for  Xe  as  soon  as  another  host  recruits  the  original  guest 
from  the  CB6  cavity.11641  The  macrocyclic  host  also  allows  con¬ 
struction  of  rotaxanes  that  keep  the  cavity  blocked.  Cleaving 
one  of  the  rotaxane  stoppers  releases  the  thread  and  makes 
CB6  available  for  Hyper-CEST  detection.11651  This  recent  design 
could  serve  as  a  development  platform  for  various  sensors 
based  on  cleavage  reactions. 

Many  dilute  targets  will  only  be  accessible  with  an  increased 
number  of  CEST  sites  per  targeting  unit.  For  this  purpose,  mul¬ 
tivalent  carriers  with  1 02  1 03  Xe  hosts  will  be  the  right  tool. 
They  have  been  implemented  with  scaffolds  such  as  bacterial 
phages,1150,1661  viral  capsids,11671  and  liposomes.11681  Alternatively, 
nano-compartments  absorbing  small  amounts  of  Xe  gas  can 
be  used,  one  example  being  PFOB  nanodroplets.11691  The  first 
imaging  experiments  with  the  latter  substance  also  included 
the  first  multi-channel  read-out  of  different  host  classes.115561 
Similar  host  compartments  such  as  gas  vesicles11701  and  bacteri¬ 
al  spores11711  will  be  discussed  separately  in  the  following  sec¬ 
tion. 


5.6.  Hyper  CEST  Analysis  and  Data  Encoding 

Stable  and  reproducible  HP  Xe  delivery  with  shot-to-shot  noise 
<1%  achieved  through  temperature  stabilization  of  the 
pumping  cell11721  allows  one  to  further  investigate  the  predict¬ 
ed  line-shape  for  Hyper-CEST  spectra,  that  is,  an  Lorentzian.11731 
Linked  to  this  theoretical  description  is  an  approximation  for 
the  Bloch-McConnell  equations  that  allows  prediction  of  the 
build-up  of  the  Hyper-CEST  effect  and  quantification  of  the  ex¬ 
change  parameters.11741  Comparison  of  hosts  can  then  be  done 
by  using  the  gas  turnover  rate.116261  The  exchange  dynamics 
also  set  the  boundary  conditions  for  maximum  signal  contrast 
and  an  orientation  for  optimum  saturation  parameters.11751  It  is 
important  to  achieve  the  saturation  transfer  before  the  intrinsic 
7j  relaxation  dominates  with  its  signal  loss. 
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For  imaging,  the  CEST  information  needs  to  be  encoded  as 
fast  as  possible.  Fast  imaging  sequences  can  replace  the  origi¬ 
nal  point-wise  encoding11381  given  that  sufficient  magnetization 
is  available.  Echo  planar  imaging  (EPI)  allows  sub-second  imag¬ 
ing/1391  with  particular  application  to  hyperpolarized  imaging 
using  variable  flip-angle  excitation  in  an  approach  called 
smashCEST.  These  rapid  imaging  approaches  enable  time-re- 
solved  studies,  including  the  monitoring  of  diffusion/1391  Image 
quality  can  be  improved  by  exploiting  redundancies  in  the 
spectral  domain11761  during  encoding  and  post-processing. 
Spin-echo  encoding  is  an  alternative  for  cases  where  T  *  relaxa¬ 
tion  makes  EPI  encoding  impractical/15531  Interest  in  Flyper- 
CEST  agents  has  led  to  the  development  of  fast  strategies  for 
gradient-encoded  CEST  spectra  at  up  to  40-fold  reduced  scan 
times/1771 


6.  Genetically  Encodable  Hyperpolarized  129Xe 
MRI  Contrast  Agents 

Genetically  encoded  MRI  reporters  are  contrast  agents  that  can 
be  produced  by  genetically  transfected  cells  to  enable  the 
tracking  of  cells,  imaging  of  gene  expression,  or  sensing  of 
specific  aspects  of  cellular  function.  Among  the  advantages  of 
these  reporters  over  synthetic  agents  are  that  they  can  be  in¬ 
troduced  into  cells  using  established  gene-delivery  techniques, 
avoid  dilution  with  cell  division,  and  that  a  large  genetic  engi¬ 
neering  toolbox  can  be  used  to  modify  and  optimize  protein- 
based  reporter  performance.  Furthermore,  these  agents  lever¬ 
age  the  recent  boom  in  molecular  biology  methods  to  manip¬ 
ulate  and  deliver  genetic  materials  to  animals,  such  as  trans¬ 
genic  mouse  lines,  viral  therapy,  RNA  interference,  and 
genome  editing. 

Most  existing  genetic  reporters  have  been  designed  for  'FI 
MRI.  Examples  include  enzymes  or  transporters  that  can  act  on 
synthetic  contrast  agents/1781  proteins  that  naturally  contain 
paramagnetic  metals,  including  ferritin/1791  MagA, 11801  MntR, 11811 
tyrosinase/1821  and  cytochrome  P450/1831  and  diamagnetic  CEST 
agents  such  as  lysine  rich-protein/1841  human  protamine  sul¬ 
fate11851  and  proteins  that  alter  water  diffusivity  in  tissue/1861 
Comparatively  fewer  contrast  agents  have  been  designed  for 
heteronuclear  MRI,  all  of  them  based  on  enzymatic  or  trans¬ 
porter  interactions  with  19F  compounds/1871  FHP  13C  com- 
pounds/1870'1881  or  31P  substrates/1891  A  major  challenge  of  all  of 
these  agents  is  their  relatively  low  molecular  sensitivity,  typical¬ 
ly  of  the  micromolar  or  higher  order,  which  limits  their  range 
of  in  vivo  applications.  Several  excellent  reviews  have  been 
written  on  these  classes  of  MRI  reporters/1901 

Given  the  sensitivity  gains  of  FH P  129Xe  MRI  and  in  particular 
FlyperCEST,  there  is  a  strong  incentive  to  develop  genetically 
encoded  MRI  reporters  acting  on  xenon.  Flowever,  this  pros¬ 
pect  is  challenging  due  to  the  weak  interaction  of  xenon  with 
most  proteins.  Xenon-binding  proteins  have  been  identified 
through  X-ray  crystallography,  wherein  xenon  is  used  as 
a  heavy  atom  marker  to  aide  in  structure  elucidation/1911  and 
NMR,  wherein  the  129Xe  chemical  shift  can  probe  proteins'  con¬ 
firmation  and  ligand  binding/1921  Examples  of  proteins  shown 
to  interact  with  xenon  include  myoglobin11931  and  hemoglobin, 


maltose-binding  protein11121  and  lysozyme/1191  These  interac¬ 
tions  are  attributed  primarily  to  enthalpic  Debye  and  London 
interactions,  with  a  smaller  entropic  contribution  from  xenon 
dehydration  as  it  enters  a  hydrophobic  cavity/192bl  Unfortunate¬ 
ly,  although  protein  binding  was  shown  to  shift  the  resonance 
frequency  of  xenon  by  several  ppmmivr1,  these  proteins  are 
not  suitable  as  129Xe-MRI  contrast  agents  because  their  xenon 
affinities  (-10  mM)  would  require  unrealistic  quantities  of  pro¬ 
tein  to  be  present  to  achieve  significant  direct  contrast,  while 
their  xenon  exchange  rates  (dissociation  constant  -105  s~’)11931 
are  too  fast  compared  to  the  induced  xenon  chemical  shift 
(Aco-103~104  s_1)  to  enable  efficient  FlyperCEST  contrast. 

A  major  advance  in  the  development  of  genetically  encoded 
reporters  for  Xe-MRI  was  made  in  2014,  when  Shapiro  et  al.  re¬ 
ported  that  an  unusual  class  of  gas-filled  protein  nanostruc¬ 
tures  called  gas  vesicles  (GVs)  could  produce  efficient  HyperC- 
EST  contrast  at  picomolar  concentrations/251  GVs,  which 
evolved  in  photosynthetic  microbes  as  a  means  to  regulate 
buoyancy,  comprise  hollow  gas  compartments  at  hundreds  of 
nm  in  size  and  possess  a  2  nm  protein  shell  that  is  permeable 
to  gas  but  excludes  liquid  water11941  (Figure  7a,b).  Shapiro  et  al. 
showed  that  GVs  can  interact  with  xenon  to  produce  FlyperC¬ 
EST  contrast  with  peak  saturation  approximately  175  ppm  up- 
field  from  dissolved  129Xe  (Figure  7c,d).  The  large  chemical  shift 
separation  enables  the  contrast  to  be  extremely  efficient,  with 
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Figure  7.  Gas  vesicles  as  genetically  encodable  HyperCEST  reporters  detecta¬ 
ble  at  pM  concentrations,  (a)  Diagram  of  a  gas  vesicle:  a  hollow  gas  nano¬ 
compartment  (solid  shading)  surrounded  by  a  gas-permeable  protein  shell 
(ribbed  shading),  (b)  Transmission  electron  micrographs  of  individual  GVs 
purified  from  Halobacterium  NRC-1  in  their  intact  (left)  and  collapsed  (right) 
state,  (c)  Diagram  of  129Xe  CEST  between  bulk  aqueous  solvent  (left)  and  GVs 
(hexagons)  either  in  isolation  or  inside  a  cell  (gray),  (d)  Frequency-dependent 
saturation  spectra  for  intact  (red)  and  collapsed  (black)  GVs.  (e)  Saturation 
contrast  image  of  a  three-compartment  phantom  containing  400  pM  GVs, 
100  pM  GVs  and  buffer.  Reprinted  by  permission  from  Macmillan  Publishers 
Ltd:  Nature  Chemistry/1701  copyright  2014. 
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a  GV  detection  limit  in  the  picomolar  range  (Figure  7e),  orders 
of  magnitude  lower  than  comparable  proton  contrast  agents. 
Furthermore,  GVs  formed  by  different  species  of  bacteria  and 
archaea,  in  which  these  nanostructrues  differ  in  size  and  shape, 
produce  HyeprCEST  saturation  at  different  chemical  shifts, 
thereby  enabling  multiplexed  imaging.  In  their  initial  study, 
Shapiro  et  al.  provided  proofs  of  concept  for  GVs  as  antibody- 
functionalized  markers  of  cancer  cells  and  as  reporters  of  gene 
expression  in  E.  coli.  In  addition  to  GVs,  other  biological  struc¬ 
tures  may  be  able  to  serve  as  HyperCEST  agents.  For  example, 
bacterial  spores,  a  dormant  cellular  state  comprising  a  multi¬ 
layered  structure  of  -1.5  pm  size,  were  recently  demonstrated 
for  HyperCEST  at  a  chemical  shift  4.5  ppm  downfield  from 
aqueous  xenon.1'711 

The  discovery  of  GVs  as  highly  efficient  biomolecular  report¬ 
ers  for  HyperCEST  leads  to  several  interesting  questions  and 
possibilities  that  merit  further  investigation.  If  we  assume  that 
an  optimal  CEST  saturation  can  always  be  achieved  with  suffi¬ 
cient  RF  power  and  that  the  relaxation  of  ,29Xe  is  minimal 
during  CEST  experiment,  then  HyperCEST  sensitivity  is  deter¬ 
mined  by  (a)  the  chemical  shift  difference  and  (b)  the  exchange 
rate  between  the  contrast-agent-bound  and  the  dissolved 
129Xe  spins.1'951  Regarding  the  chemical  shift,  each  GV  has  a  sev- 
eral-attoliter  gas  chamber  containing  thousands  of  gas  atoms 
or  molecules,  where  129Xe  atoms  presumably  experience  an  en¬ 
vironment  similar  to  gas  phase,  and  consequently  compared 
to  the  synthetic  contrast  agents,  GV-associated  ,29Xe  chemical 
shift  is  usually  closer  to  that  of  the  gas  phase.  Intriguingly,  the 
specific  value  of  chemical  shift  appears  to  be  genetically  deter¬ 
mined.1251  It  will  be  interesting  to  study  how  this  chemical  shift 
relates  to  other  genetically  encoded  GV  properties,  including 
their  size,  shape  and  aggregation  state,  and  the  extent  to 
which  these  properties  can  be  tuned  at  the  genetic  level.  In 
terms  of  the  exchange  rate,  when  the  Z  spectra  (i.e.,  the  fre¬ 
quency-dependent  saturation  effects  are  visualized  similar  to 
conventional  magnetization  transfer  spectra  by  plotting  the 
water  saturation  (5sat)  normalized  by  the  signal  without  satura¬ 
tion  (S0)  as  a  function  of  saturation  frequency)  acquired  with 
intact  and  collapsed  GV  are  compared  with  those  acquired 
with  synthetic  agents,  both  the  GV-bound  and  the  dissolved 
129Xe  peaks  appear  to  be  broader,  suggesting  the  exchange 
rate  is  in  the  intermediate  regime.  It  will  be  interesting  to 
define  quantitatively  the  optimal  RF  saturation  parameters  for 
the  specific  exchange  rate  of  GVs.  On  the  molecular  level, 
though  the  atomic-level  structure  of  the  GV  wall  has  not  been 
solved,  some  hypotheses  have  been  proposed  regarding  the 
channels  on  the  protein  shell  that  allow  gas  exchange  in  and 
out  of  the  nanostructure;[194bl  it  is  possible  that  variation  (natu¬ 
ral  or  engineered)  in  the  amino  acid  sequence  of  GV  proteins 
could  alter  the  permeability  of  these  putative  pores.  Taken  to¬ 
gether,  GVs  present  a  wide  dynamic  range  for  129Xe  chemical 
shifts  and  exchange  rates,  and  these  two  properties  are  likely 
amenable  to  protein  engineering  for  new  and  optimized  forms 
of  '29Xe  HyperCEST. 

It  is  also  worth  noting  that  in  addition  to  serving  as  HyperC¬ 
EST  reporters,  GVs  produce  contrast  in  at  least  two  comple¬ 
mentary  imaging  modalities.  First,  they  are  the  first  genetically 
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encodable  imaging  agents  for  ultrasound,1'961  where  their  low 
density  and  high  elasticity  relative  to  surrounding  media 
allows  them  to  scatter  sound  waves.  Secondly,  their  gas-filled 
interior,  which  has  a  different  magnetic  susceptibility  from  sur¬ 
rounding  solution,  allows  GVs  to  produce  'H  MRI  contrast  in 
susceptibility-weighted  imaging.11971 

The  list  of  genetically  encoded  129Xe-based  HyperCEST  re¬ 
porters  has  been  recently  expanded  to  include  |3-lactamase  by 
Dmochowski  and  co-workers.1'981  As  a  small  protein  encoded 
by  a  single  gene,  this  reporter  may  be  easier  to  use  in  some 
settings  than  GVs,  albeit  with  somewhat  lower  molecular  sensi¬ 
tivity. 

7.  Parahydrogen 

Hydrogen  exists  in  two  nuclear  spin  isomers,  denoted  as  ortho- 
and  para-,  corresponding  to  the  nuclear  triplet  and  singlet 
states,  respectively:  here  parahydrogen  corresponds  to  the 
states  with  an  even  rotational  quantum  number  J  whereas  or¬ 
thohydrogen  corresponds  to  odd  values  of  J.  The  ratio  of  the 
two  isomers  is  determined  by  the  Boltzmann  thermal  equilibri¬ 
um  for  the  given  temperature.  Figure  8.1'"1  For  a  more  detailed 
discussion  of  the  physics  and  applications  of  parahydrogen 
beyond  the  scope  of  this  Minireview,  we  refer  the  interested 
reader  to  the  1935  book  by  Farkas  on  hydrogen1'991  or  various 
excellent  discussions.12001 

Importantly,  conversion  between  the  two  states  occurs  ex¬ 
tremely  slowly  due  to  the  transition  being  forbidden  by  the  se¬ 
lection  rules  of  quantum  mechanics,  leaving  only  statistically 
unlikely  naturally  occurring  processes  of  sufficient  energy  (radi¬ 
ation,  molecular  collisions,  etc.)  to  foment  interconversion. 
Therefore,  after  its  production  (and  provided  lack  of  exposure 
to  sources  of  paramagnetic  impurities  in  the  storage  vessel), 
parahydrogen  may  be  stored  for  long  periods  before  use,  as 
the  relaxation  rate  of  the  parahydrogen  back  to  room-temper¬ 
ature  equilibrium  can  be  on  the  order  of  months.120'1  Produc¬ 
tion  rates  are  significantly  faster,  however,  since  as  discovered 
in  1929  by  Bonhoeffer  and  Harteck,  the  use  of  paramagnetic 
catalysts  (i.e.,  activated  charcoal,  nickel,  hydrated  iron(lll) 
oxide)  promotes  establishment  of  Boltzmann  thermodynamic 
equilibrium  between  orfho-H2/pora-H2  states  for  a  given  tem¬ 
perature  at  greatly  accelerated  rates.  In  practice,  normal  hydro¬ 
gen  gas  (i.e.,  equilibrium  ratio  at  room  temperature)  consisting 
of  75%  ortho-  and  25%  para-  isomers  is  passed  through  cham¬ 
ber  filled  with  paramagnetic  catalyst  and  maintained  at  cryo¬ 
genic  temperatures,  where  the  equilibration  to  the  isomer 
ratio  governed  by  the  Boltzmann  distribution  occurs.  For  ex¬ 
ample,  a  parahydrogen  generator  operating  at  77  K  (obtained 
conveniently  by  a  liquid-N2  bath)  yields  a  mixture  with  -50% 
parahydrogen,  whereas  the  designs  based  on  cryo-chillers  (e.g. 
T  <20  K)  yield  >99%  parahydrogen  (Figure  8). 

8.  Fundamentals  of  Parahydrogen-lnduced 
Polarization  (PHIP) 

In  1986  Bowers  and  Weitekamp  proposed  a  method  for  achiev¬ 
ing  very  high  nuclear  polarizations  using  parahydrogen.17"1 
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Figure  8.  Parahydrogen  conversion.  Passage  of  H2  gas  over  a  paramagnetic 
catalyst,  given  sufficient  contact  time,  converts  the  ortho-H2  fraction  to  para- 
H2  fraction  as  a  function  of  temperature. 


Dubbed  PASADENA  (Parahydrogen  And  Synthesis  Allow  Dra¬ 
matically  Enhanced  Nuclear  Alignment),  the  effect  predicted 
strongly  enhanced  'H  NMR  signals  for  hydrogenation  reaction 
products  when  unsaturated  molecular  precursors  are  hydro¬ 
genated  with  parahydrogen.  Later  they  demonstrated  the 
effect  experimentally  by  hydrogenating  acrylonitrile  with  para¬ 
hydrogen  using  Wilkinson's  catalyst.[7bl  Anti-phase  'H  NMR  mul- 
tiplets  were  demonstrated  for  the  reaction  product,  propioni- 
trile,  and  for  dihydride  rhodium  complex — the  reaction  inter¬ 
mediate.  It  was  later  realized  that  experimental  demonstrations 
of  the  PASADENA  effect  had  already  been  published,12021  but 
had  been  misinterpreted  as  chemically  induced  dynamic  nucle¬ 
ar  polarization.1701  PASADENA  and  (the  later  discovered)  ALTA- 
DENA12031  are  collectively  referred  to  as  parahydrogen-induced 
polarization  (PHIP).lllcI  This  seminal  discovery  of  Bowers  and 
Weitekamp  opened  up  a  new  strategy  for  hyperpolarization  of 
various  compounds,  and  currently  PHIP  and  its  recent  modifi¬ 
cation,  SABRE  (Signal  Amplification  By  Reversible  Exchange),™ 
are  used  to  obtain  HP  molecules  with  'H,1110'200111  13C,[12]  15N,[13dI 
19F,[141  and  31P[151  nuclei  in  a  hyperpolarized  state. 

Detailed  explanation  of  the  spin  dynamics  and  chemical  ki¬ 
netics  behind  PHIP  can  be  found  in  several  comprehensive  re- 
views.[,,c,2°0,2041  Here  we  briefly  discuss  the  main  principles  of 
PHIP  to  qualitatively  describe  the  phenomena  discussed  below. 
As  an  example,  we  take  the  simplest  two-spin  system.  The 
two-spin  system  of  the  hydrogen  molecule  gives  rise  to  four 
nuclear  spin  energy  levels.  As  described  above,  three  of  these 
energy  levels  correspond  to  orthohydrogen,  the  state  with 
total  nuclear  spin  1  (triplet  state),  whereas  the  remaining 
fourth  energy  level  corresponds  to  parahydrogen  (singlet 
state),  the  state  with  zero  total  nuclear  spin.  Transitions  be¬ 
tween  singlet  and  triplet  spin  states  are  forbidden  by  symme- 
try ;[7a]  and  the  spin  0  parahydrogen  is  NMR-silent. 

Bowers  and  Weitekamp's  idea  was  to  break  the  magnetic 
equivalence  of  two  hydrogen  nuclei  by  using  parahydrogen  in 
a  hydrogenation  reaction  (Figure  9a),  thus,  making  prohibited 
transitions  allowed.  Indeed,  upon  incorporation  of  a  parahydro¬ 
gen  molecule  into  an  asymmetric  molecular  precursor,  the 
symmetry  of  the  para- H2  molecule  becomes  broken.  This  situa¬ 


tion  strongly  depends  on  the  magnetic  field  at  which  the  hy¬ 
drogenation  reaction  takes  place.  If  hydrogenation  is  per¬ 
formed  at  high  magnetic  field  B0  (i.e.,  wherein  the  chemical 
shift  difference  between  the  two  pora-H2-nascent  protons,  Ad, 
is  much  greater  than  the  spin-spin  coupling  J  between  them 
{yA6B0  >  2  jtJ)),  then  the  population  of  the  singlet  spin  state 
( a/3  —  /3a)  of  para- H2  is  transferred  to  the  population  of  spin 
states  a/3  and  [3a  of  the  formed  weakly  coupled  AX  spin 
system  (PASADENA  effect,  Figure  9 b).[7bI  The  NMR  spectrum  of 
the  AX  system  populated  in  this  way  will  contain  four  peaks 
grouped  in  two  antiphase  multiplets  (Figure  9  b). 


b  para- Hj 

(high  field) 


AX  system 
(high  field) 


'H  NMR 


Figure  9.  a)  Molecular  diagram  of  parahydrogen  (para-H2)  addition  to  the 
substrate  performed  with  a  homogeneous  or  heterogeneous  catalyst,  b)  PA¬ 
SADENA  effect:  nuclear  spin  energy  level  diagram  of  para-H2  at  high  mag¬ 
netic  field  (left).  An  AX  spin  system  is  formed  upon  pairwise  addition  of 
para- H2  to  the  unsaturated  substrate  at  high  magnetic  field  and  correspond¬ 
ing  'H  NMR  spectrum  is  shown  on  the  right,  c)  ALTADENA  effect:  nuclear 
spin  energy  level  diagram  of  para-H2  at  low  magnetic  field  (left).  An  AB  spin 
system  is  formed  after  pairwise  para- H2  addition  to  the  unsaturated  sub¬ 
strate  at  low  magnetic  field.  An  AX  spin  system  is  obtained  after  adiabatic 
transfer  of  the  reaction  product  from  low  to  high  magnetic  field.  The  corre¬ 
sponding  'H  NMR  spectrum  is  shown  on  the  right. 


Two  lines  (positive-negative  or  negative-positive,  depending 
on  the  sign  of  spin-spin  coupling  constant  J)  in  each  multiplet 
are  separated  by  J  Hz  in  the  case  of  isotropic  liquids  and/or 
gases.12051  The  PASADENA-hyperpolarized  organic  molecules  are 
typically  manifested  in  ’H  NMR  spectra  as  positive-negative 
multiplets,  whereas  multiplets  for  hydride  intermediates  are 
negative-positive,  since  J  couplings  are  usually  negative  for 
metal  hydrides.12061  Interestingly,  the  signal  intensity  of  PASADE¬ 
NA  spectrum  is  maximized  when  a  45°  (instead  of  90°)  pulse  is 
applied  for  signal  acquisition,  which  may  be  shown  using 
a  density  operator  description  of  the  PHIP  process.12041 

On  the  other  hand,  if  the  hydrogenation  reaction  takes 
place  at  low  magnetic  field  (such  that  yA6B0  <  2kJ;  e.g.,  at 
the  Earth's  magnetic  field),  and  afterwards  the  hydrogenation 


Chem.  Eur.  J.  2017,  23,  725-751 


www.chemeurj.org 


740 


©  2017  Wiley-VCH  Verlag  GmbH  &  Co.  KGaA,  Weinheim 


jjT*ChemPubSoc 

VT*  Europe 

product  is  adiabatically  transferred  to  a  high  magnetic  field, 
then  there  is  a  single  state  that  is  overpopulated,  that  is,  a/3  or 
/3a-depending  on  the  sign  of  the  J-coupling  constant  between 
the  nuclei  (ALTADENA  effect.  Figure  9 c).[2031  In  this  case  after 
a  90°  pulse  the  spectral  pattern  will  consist  of  four  lines  group¬ 
ed  in  two  "integral  multiplets"  simply  corresponding  to  one 
spin  "up"  and  second  spin  "down"  state  (Figure  9  c). 

In  order  to  be  able  to  observe  PFHIP  for  the  molecule  of  in¬ 
terest  several  key  conditions  must  be  fulfilled:™ 

1.  The  addition  of  parahydrogen  to  the  unsaturated  precursor 
should  occur  in  a  pairwise  manner.  Pairwise  addition  im¬ 
plies  that  two  hydrogen  atoms  from  the  same  Fl2  molecule 
are  included  in  the  product  molecule  together  as  a  pair, 
thus  preserving  spin  correlation  between  the  two  proton 
spins. 

2.  The  characteristic  nuclear  spin  relaxation  time  for  para- H2- 
nascent  protons  should  be  longer  than  the  time  needed  to 
complete  the  pairwise  hydrogenation  process. 

3.  The  magnetic  equivalence  of  the  two  correlated  nuclear 
spins  should  be  broken  during  the  hydrogenation12071  or  in 
the  product  of  the  hydrogenation  reaction.17111 

If  all  of  the  above-mentioned  conditions  are  fulfilled,  the 
product  of  the  hydrogenation  reaction  will  possess  a  non-equi¬ 
librium  population  distribution  of  its  nuclear  spin  energy  levels 
owing  to  either  the  PASADENA  or  ALTADENA  process. 

One  should  note  that  the  final  polarization  of  the  hydroge¬ 
nation  reaction  product  does  not  depend  on  the  magnetic 
field  strength,  and  the  polarization  obtained  by  PFHIP  in  princi¬ 
ple  can  reach  100%  (neglecting  spin  relaxation  and/or  deco¬ 
herence).1 173,2041  In  principle,  enhancement  of  the  NMR  signal 
can  be  as  high  as  several  thousand-fold  above  ordinary  ther¬ 
mal  signals  from  high-field  NMR  spectrometers  and  even  a  mil- 
lion-fold  at  low  magnetic  fields. 

Since  the  hydrogenation  reactions  have  a  significant  activa¬ 
tion  energy  barrier,  the  key  component  of  the  system  is  a  cata¬ 
lyst  (Figure  9a),  which  (i)  enables  the  hydrogenation  reaction, 
and  (ii)  provides  efficient  pairwise  addition  of  molecular  hydro¬ 
gen  to  the  substrate.  All  hydrogenation  catalysts  can  be  classi¬ 
fied  as  homogeneous  or  heterogeneous  depending  on  their 
phase  relative  to  the  substrate.  Plomogeneous  catalysts  are 
present  in  the  same  phase  as  the  to-be-hydrogenated  sub¬ 
strate  (typically,  liquid  phase),  whereas  heterogeneous  catalysts 
are  present  in  a  phase  different  from  the  phase  of  the  sub¬ 
strate  (usually,  a  solid  catalyst  and  a  gaseous  or  liquid  sub¬ 
strate).  Since  the  first  demonstration  by  Bowers  and  Weite- 
kamp,[7bl  homogeneous  catalysts  have  become  widely  used  to 
produce  PFHIP,  which  is  reasonable:  it  is  known  that  hydrogena¬ 
tion  mechanisms  using  metal  complexes  can  usually  provide 
an  efficient  route  for  pairwise  hydrogen  addition.  For  a  long 
time,  the  feasibility  of  using  heterogeneous  catalysts  for  pro¬ 
duction  of  PFHIP  was  rejected  based  on  the  known  mechanism 
of  heterogeneous  hydrogenation,  that  is,  the  FHoriuti-Polanyi 
mechanism.  According  to  FHoriuti  and  Polanyi, 12081  hydrogen 
molecules  dissociate  on  metals  (typically  used  as  heterogene¬ 
ous  hydrogenation  catalysts)  and  form  a  pool  of  randomly 
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moving  free  hydrogen  atoms,  thus  ostensibly  not  fulfilling  con¬ 
dition  1  (pairwise  addition)  above.12091  Nevertheless,  it  was 
shown  that  various  classes  of  heterogeneous  catalysts,  that  is, 
immobilized  metal  complexes,1 1931  supported  metal  nanoparti¬ 
cles,128111  etc.,  can  enable  the  PFHIP  effect.  In  the  current  mini¬ 
review  both  classes  of  catalysts  are  considered. 

9.  Gases  Hyperpolarized  via  PHIP 

As  mentioned  in  the  introduction,  MRI  of  gases  suffers  from 
poor  sensitivity  due  to  their  low  molecular  density  combined 
with  the  low  thermal  polarization  of  their  nuclear  spins.  These 
problems  can  make  it  challenging  to  image  gas-filled  void 
spaces  due  to  the  very  low  signal-to-noise  ratio  (SNR)  and  the 
usually  long  signal-averaging  times,  which  can  be  prohibitive 
for  many  clinical  applications.  PIP  noble  gases12101  can  be  used 
to  address  these  issues.  However,  the  production  of  HP  noble 
gases  is  relatively  expensive,  necessitating  costly  hyperpolarizer 
equipment.  Moreover,  imaging  of  HP  noble  gases  requires 
a  dedicated  X-band  channel  (for  the  heteronucleus  of  interest) 
and  radio-frequency  probe,  which  are  not  standard  features  of 
clinical  MRI  scanners  (although  they  are  becoming  increasingly 
prevalent).  Therefore,  production  of  non-toxic  HP  proton-con¬ 
taining  gases  via  PHIP  could  be  a  promising  alternative  that 
avoids  the  above  technical  requirements  of  HP  noble  gases. 

9.1.  Production  of  Hyperpolarized  Gases  Using  PHIP 

Historically,  experiments  with  parahydrogen  were  predomi¬ 
nantly  conducted  in  the  liquid  phase,  wherein  fluids  hyperpo¬ 
larized  by  PHIP  reside  in  a  solution  along  with  a  homogeneous 
hydrogenation  catalyst.[200bl  Heterogeneous  catalysts  can  be 
used  to  separate  the  HP  product  from  the  catalyst.129,2111  At  the 
same  time,  it  is  also  possible  to  produce  catalyst-free  HP  gases 
by  combining  the  main  advantage  of  homogeneous  (high  se¬ 
lectivity)  and  heterogeneous  catalysis  (easiest  catalyst  separa¬ 
tion)  by  using  gas-liquid  biphasic  hydrogenation.  Utilization  of 
a  homogeneous  catalyst  dissolved  in  the  liquid  phase  for  bi¬ 
phasic  hydrogenation  of  unsaturated  gases  with  para- H2 
allows  one  to  produce  HP  gas  that  is  free  from  contamination 
by  the  catalyst.  In  the  demonstration  of  this  approach  it  was 
shown  that  the  reaction  product  can  return  to  the  gas  phase 
while  retaining  a  significant  degree  of  hyperpolarization.12121 
This  feature  significantly  extends  the  range  of  gases  that 
can  be  hyperpolarized.  It  was  shown  that  utilization  of 
a  simple  experimental  procedure  allows  one  to  achieve  signal 
enhancements  of  300  for  propyne  hydrogenation  to  propylene 
using  the  bidentate  cationic  complex  [Rh(PPh2-(CH2)4- 
PPh2)(COD)]BF4.12121  Another  approach  for  HP  gas  production  is 
the  use  of  homogeneous  catalysts  based  on  a  careful  choice  of 
the  metal  complex  (homogeneous  hydrogenation  catalyst)  in 
which  the  desired  unsaturated  substrate  is  coordinated  to  the 
metal  center.12131  In  that  case  hydrogenation  of  the  substrate 
with  parahydrogen  allows  the  product  to  leave  the  metal 
center  and  to  migrate  to  a  different  phase  with  preservation  of 
the  spin  order  of  the  two  nascent  protons  derived  from  the 
para- H2  molecule.  Indeed,  it  was  shown  that  PHIP-hyperpolar- 
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ized  gas  can  be  obtained  in  a  catalysis-free  regime  using 
a  chemical  reaction  with  molecular  addition  of  parahydrogen 
to  a  water-soluble  Rh(l)  complex  carrying  a  payload  of  a  com¬ 
pound  with  double  (C=C)  bonds.12131  Hydrogenation  of  the  nor- 
bornadiene  ligand  leads  to  the  formation  of  norbornene, 
which  is  expelled  from  the  Rh1  complex  to  the  aqueous  phase, 
but  due  to  its  insolubility  in  water  HP  norbornene  migrates 
from  the  solution  to  the  gas  phase  (Figure  10). 12131 


Figure  10.  ALTADENA  'H  NMR  spectra  of  a  gaseous  stream  during  bubbling 
of  parahydrogen  (a)  and  normal  H2  (b)  through  the  solution  of 
[Rh(l)(NBD)L]  +  BF4~  in  D20  at  70-80  C.  The  broad  signal  labeled  "H2”  belongs 
to  ortho-H2  gas:  the  resonances  labeled  with  open  circles  correspond  to  nor- 
bornane.  c)  Diagram  of  the  experimental  setup  with  the  NMR  detection  per¬ 
formed  in  the  high  field.  Reprinted  with  permission  from  ref.  [213],  Copy¬ 
right  (2014)  American  Chemical  Society. 

As  soon  as  PHIP  was  successfully  demonstrated  in  heteroge¬ 
neous  hydrogenations  over  immobilized1931  and  supported 
metal  catalysts,128111  the  production  of  HP  gases  over  these  cata¬ 
lysts  became  an  important  area  of  PHIP-related  investigations. 
Many  different  heterogeneous  catalysts  were  used  for  the  pro¬ 
duction  of  HP  gases  in  the  past  eight  years,  with  the  aim  to 
find  the  catalyst  with  the  highest  level  of  pairwise  hydrogen 
addition  for  a  given  substrate.129,2141  Without  doubt  the  utiliza¬ 
tion  of  a  solid  catalyst  allows  one  to  produce  HP  gases  in  the 
continuous-flow  regime  by  passing  a  mixture  of  an  unsaturat¬ 
ed  substrate  with  pora-H2  through  the  catalyst  layer.  In  this  ap¬ 
proach,  hydrogenation  occurs  at  the  Earth's  magnetic  field  and 
corresponds  to  the  ALTADENA12031  type  of  PHIP  experiment. 
Note  that  the  nature  of  the  heterogeneous  solid  catalyst  can 
have  a  significant  impact  on  the  polarization  level,  and  titania- 
supported  metal  catalysts  were  shown  to  exhibit  larger  PHIP 
effects  compared  to  metals  on  other  supports.12151  The  polariza¬ 
tion  level  for  HP  gases  produced  over  supported  metal  cata¬ 
lysts  can  be  several  percent,1286,2161  and  it  can  change  with  the 
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variation  of  the  size  of  the  supported  metal  nanoparticles.12171 
Larger  polarizations  are  observed  for  smaller  Pt  particles,  but 
for  Pd  there  is  an  opposite  trend. 

9.2.  MRI  of  Hyperpolarized  Hydrocarbon  Gases 

Continuous  production  of  HP  gases  via  heterogeneous  hydro¬ 
genation  paves  the  way  to  the  potential  practical  applications 
for  imaging  of  void  spaces  by  MRI.  The  first  experiments  were 
related  to  MRI  visualization  of  HP  propane  in  a  NMR  tube  with 
a  cross-shaped  partition  or  with  a  series  of  capillaries.1961  For 
that  work,  a  mixture  of  para- H2  and  propene  gas  was  flowed 
through  a  reactor  cell  with  the  heterogeneous  catalyst  (e.g., 
Wilkinson's  catalyst  immobilized  on  silica).  After  that  the  prod¬ 
uct  (HP  propane  gas)  was  transferred  to  the  NMR  magnet  and 
the  ALTADENA  enhancement  was  evident  in  the  MR  images. 

For  both  model  samples,  detection  of  the  NMR  signal  of 
a  thermally  polarized  gas  did  not  produced  observable  images, 
whereas  the  use  of  PHIP-polarized  propane  gas  allowed  one  to 
visualize  the  corresponding  structures  of  the  objects  used  in 
the  experiments.1961  Importantly,  the  demonstrated  300-fold 
signal  enhancement  in  the  gas-phase  MRI  is  sufficient  to  image 
gases  with  a  similar  spatial  resolution  as  that  in  corresponding 
liquid-phase  MRI  experiments.  The  subsequent  development 
of  the  strategies  for  ’H  MRI  visualization  of  both  hyperpolar¬ 
ized  (Figures  11  and  12)  and  thermally  polarized  propane  gas 


Figure  11.  Heterogeneous  pairwise  hydrogenation  of  propene  to  propane 
with  para- H2  over  Rh/Ti02  catalyst  with  preservation  of  spin  order  of  parahy¬ 
drogen  in  the  final  HP  product. 


for  high-resolution  MRI  applications  allowed  one  to  significant¬ 
ly  decrease  the  imaging  time.  Compared  to  FLASH  MRI12181 
(Figure  12),  the  use  of  LITE  MRI12191  decreases  the  total  imaging 
time  significantly,  down  to  the  regime  sufficient  for  MRI  of  a  pa¬ 
tient  within  a  single  breath-hold  in  a  future  clinical  translation. 
It  was  shown  that  utilization  of  LITE  MRI  makes  it  possible  to 
obtain  2D  images  of  thermally  polarized  propane  gas  with  ca. 
0.9x0.9  mm2  spatial  resolution  in  ca.  2  s  (and  potentially  with 
better  resolution  for  HP  gases).12201 

Recently,  HP  propane  gas  produced  by  heterogeneous  hy¬ 
drogenation  of  propene  over  supported  metal  catalysts  was 
utilized  for  3D  'H  MRI  with  micro-scale  spatial  resolution  (625  x 
625x625  pm3),  large  imaging  matrix  size  (128x128x32)  and 
short  (17.4  s)  image  acquisition  time.121531 

Utilization  of  a  fully  deuterated  substrate  (propene-d6)  in  the 
heterogeneous  hydrogenation  with  para- H2  permitted  acquisi¬ 
tion  of  a  high-resolution  3D  MRI  image  of  flowing  HP  [DJ-pro- 
pane  gas  with  0.5x0. 5x0.5  mm3  spatial  and  -18  s  temporal 
resolution  (Figure  13a).12211  It  was  shown  that  the  signal-to- 
noise  ratio  in  the  3D  images  of  HP  [DJ-propane  gas  (Fig- 


Chem.  Eur.  J.  2017,  23,  725-751 


www.chemeurj.org 


742 


©  2017  Wiley-VCH  Verlag  GmbH  &  Co.  KGaA,  Weinheim 


jjT*ChemPubSoc 

•Vf* 


CHEMISTRY 

A  European  Journal 

Minireview 


to  vent  ■ 


propane 

| — — | 
reactor  1 

i|  rotameter 


c 

<U 

CL. 

O 


backpressure 

regulator 


-0  gauge 


28  24  20  16  12  8  4  0 


allows  one  to  obtain  MR  images  with  quality  similar  to  that  ob¬ 
tained  with  water  as  the  signal  source. 

Utilization  of  HP  gases  produced  by  PHIP  is  not  limited  only 
to  void  space  imaging.  Indeed,  it  was  shown  that  a  catalytic  re¬ 
actor  positioned  inside  an  NMR  magnet  can  be  imaged  in  situ 
during  heterogeneous  hydrogenation  of  propene  to  propane 
with  parahydrogen.[28al  In  situ  MRI  of  a  catalytic  reaction  allows 
one  to  visualize  the  regions  in  the  catalyst  layer  where  the  hy¬ 
drogenation  reaction  occurs.  Importantly,  based  on  the  signifi¬ 
cant  signal  enhancement  the  velocity  map  for  HP  gas  forming 
in  and  flowing  through  the  catalyst  bed  was  obtained.1 12831 

Given  the  above  results,  PHIP  is  clearly  becoming  an  impor¬ 
tant  technique  for  signal  enhancement  in  both  basic  science 
and  biomedical  MRI  investigations.  Moreover,  the  use  of  PHIP 
to  produce  HP  gases  can  be  useful  for  their  potential  utiliza¬ 
tion  in  medical  MRI  applications. 


Figure  12.  (a)  Schematic  representation  of  the  experimental  setup  for  using 
PHIP  to  produce  HP  propane  via  heterogeneous  hydrogenation  of  propene 
with  parahydrogen.  (b)  ’H  MRI  FLASH  image  of  HP  propane  flowing  into 
a  10  mm  NMR  tube  via  1/16  in.  OD  Teflon  capillary.  Note  that  the  NMR  tube 
is  shown  schematically  and  its  length  does  not  match  the  actual  scale  of  the 
2D  MR  image.  Reprinted  with  permission  from  ref.  [220]. 


3  Hyperpolarized  Propane-d6  b  Thermal  Water 

<  20  mM  ~55  M 


Figure  13.  High-resolution  3D  gradient  echo  (GRE)  MRI  at  4.7  T.  a)  3D  MRI  of 
flowing  HP  propane  gas  (~ 20  mM  concentration)  with  0.5 x 0.5 x 0.5  mm3 
spatial  and  17.7  s  temporal  resolution  and  32x32x32  mm3  field  of  view, 
b)  The  corresponding  image  of  (stationary)  thermally  polarized  tap  water 
(55  m).  Reprinted  with  permission  from  ref.  [221],  Copyright  (2014)  American 
Chemical  Society. 

ure  13a)  and  water  (Figure  13  b)  are  similar.  This  observation 
confirms  that  the  utilization  of  a  gas  hyperpolarized  by  PHIP 


10.  Remote-Detection  MRI  of  Hyperpolarized 
Gases 

MRI  of  gases  in  small  voids,  such  as  in  porous  media,  micro¬ 
reactors,  and  microfluidic  devices,  suffers  from  particularly  low 
sensitivity  due  to  an  additional  exacerbating  factor:  low  filling 
factor  of  the  NMR  coil,  which  may  be  less  than  10  5  in  some 
cases.  While  HP  methods  partially  compensate  for  the  low  sen¬ 
sitivity,  an  additional  sensitivity  boost  provided  by  alternative 
detection  methods  may  be  required.  These  methods  include, 
for  example,  surface  RF  microcoils,  RF  microslots,  and  remote 
detection  (RD),  to  name  a  few.12221 

In  RD  MRI, 12231  encoding  of  spatial  information  and  signal  de¬ 
tection  are  performed  with  different  coils  in  different  locations 
(see  Figure  14a).  The  encoding  RF  coil  is  a  large  coil  around 
the  whole  sample,  so  that  all  spins  can  be  excited.  Signal  de¬ 
tection  is  performed  outside  the  sample  with  a  much  smaller 
and  more  sensitive  RF  coil,  with  an  optimized  filling  factor.12241 
The  technique  requires  that  the  encoded  spins  are  transported 
to  the  detector  before  the  magnetization  is  fully  relaxed,  and  it 
inflicts  one  additional  dimension  as  compared  to  conventional 
MRI,  because  it  is  based  on  phase  encoding  only.  Nevertheless, 
it  provides  a  substantial  sensitivity  boost  as  an  ultrasensitive 
detection  solenoid  may  be  hundreds  of  times  more  sensitive 
than  the  encoding  coil.12251  Furthermore,  the  flow  delivers  spins 
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Figure  14.  RD  MRI  of  flow  of  HP  129Xe  through  a  rock  sample,  a)  The  rock  sample  is  inside  a  large  RF  coil  used  to  encode  spatial  information  into  spin  coher¬ 
ences,  and  the  signal  is  read  out  by  a  smaller  and  more  sensitive  coil  around  the  outlet  tubing,  with  optimized  filling  factor,  b)  3D  TOF  images.  The  silhouettes 
represent  the  rock  sample.  TOF,  i.e.,  the  time  instant  the  signal  is  detected  after  the  encoding,  is  shown  above  the  images.  Reprinted  with  permission  from  J. 
Granwehr,  E.  Harel,  S.  Han,  S.  Garcia,  A.  Pines,  P.  N.  Sen,  Y.  Q.  Song,  Phys.  Rev.  Lett.  2005,  95,  075503.  Copyright  (2005)  by  the  American  Physical  Society. 
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from  the  different  parts  of  the  sample  to  the  detector  at  differ¬ 
ent  times,  and  this  inherent  time  dimension  can  be  utilized  to 
produce  time-of-flight  (TOF)  flow  images.12261 


10.1.  Time-of-Flight  Flow  Imaging  with  HP  Gases 

HP  Xe  is  an  ideal  probe  fluid  in  RD  MRI  experiments,  because 
the  T,  relaxation  time  of  129Xe  can  be  extremely  long,  allowing 
correspondingly  long  transport  times  from  the  sample  to  the 
detector.  H P  Xe  RD  MRI  has  been  used  for  imaging  flow 
through  porous  materials/223,2271  rocks/2261  microfluidic  devi¬ 
ces/2251  and  wood/2281  as  well  as  for  quantifying  diffusion 
through  membranes/2291  Figure  14b  shows  a  remarkable  exam¬ 
ple  of  3D  TOF  images  of  HP  Xe  flowing  through  a  rock  sample. 
The  shortest  TOF  image  (TOF  =  0.27  s)  shows  spins  that  were 
at  the  top  of  the  encoding  region,  because  they  arrived  first  to 
the  detector,  and  the  longest  TOF  image  (TOF  =  0.98  s)  shows 
the  spins  at  the  sample  bottom. 

Gaseous  HP  hydrocarbons  produced  by  PHIP  have  been 
used  in  RD  MRI  experiments  as  well/2301  T,  values  for  spins  of 
hydrocarbons  are  typically  much  shorter  (- 1  s)  than  that  of 
129Xe,  limiting  the  transport  time  of  fluid  from  the  sample  to 
the  detector;  however,  if  the  sample  coil  and  the  detection  coil 
are  close  enough  and  the  flow  rate  is  sufficiently  high,  the  ex¬ 
periments  are  feasible.  Because  the  gyromagnetic  ratio  and 
the  natural  abundance  of  'FI  is  much  higher  than  that  of  129Xe, 
the  sensitivity  in  PHIP  experiments  may  be  greater. 

As  an  example,  Figure  15  b  shows  2D  RD  MR  images  of  HP 
propane,  which  was  produced  by  propene  hydrogenation  with 
para- Fl2  over  an  Rh  catalyst,  flowing  in  a  microfluidic  capillar- 
y [230a]  Overall,  the  combined  sensitivity  gain  provided  by  the 
RD  scheme  and  PHIP  was  48000-fold,  and  the  experiments 
turned  out  to  be  one  to  two  orders  of  magnitude  more  sensi¬ 
tive  than  the  corresponding  RD  experiments  with  HP  Xe.  Com¬ 
parison  of  the  TOF  images  of  a  gas  and  a  liquid  (Figures  1 5  b,c) 
nicely  depicts  different  flow  behavior  of  these  phases;  laminar 
flow  of  a  liquid  translates  the  encoded  liquid  molecules  over 
a  large  distance  (Figure  15  c),  whereas  for  a  gas  the  three 
orders  of  magnitude  faster  diffusion  causes  efficient  mixing  of 
the  flow  lamellas,  leading  to  a  significantly  less  dispersed, 
plug-like  flow  behavior  (Figure  1 5  b).[230a,bl 

Experiments  with  model  microfluidic  chips  have  supported 
the  viability  of  the  RD-PHIP  approach  for  visualization  of  com¬ 
plex  microfluidic  geometries  and  flow  quantification,  Fig¬ 
ure  16.[230al  Moreover,  these  experiments  exposed  the  manufac¬ 
turing  imperfections  of  the  chips.  The  gas  flow  in  different 
channels  varied  in  an  irregular  manner,  and  the  signal  ampli¬ 
tude  profiles  revealed  an  inhomogeneous  distribution  of  the 
gas,  implying  that  the  channel  depth  varied  from  one  channel 
to  another. 


10.2.  Microfluidic  Reactor  Imaging 

The  natural  ability  of  para- Fl2  to  participate  in  many  important 
chemical  reactions,  including  those  performed  with  the  use  of 
microfluidic  devices,  opens  an  avenue  for  studies  using  HP 
gases.  Combined  RD  MRI  and  PHIP  methodologies  in  such 


1  Encoding  coil 

2  Detection  coil 

3  Flow  capillary 

4  Flow  direction 


Figure  15.  a)  RD  MRI  setup  of  a  simplified  microfluidic  system  consisting  of 
a  capillary  leading  through  the  encoding  and  detection  coils.  TOF  RD  MRI 
visualization  of  (a)  HP  propane  and  b)  water  flow  in  the  capillary  (outlined  in 
white),  revealing  much  more  extensive  dispersion  of  liquid  than  that  of  gas 
molecules.  TOF  (ms)  is  shown  at  the  bottom  of  the  panels.  The  panels  on 
the  left  are  sums  of  the  other  panels.[230a] 


y(mm) 


Figure  16.  RD  MRI  of  HP  propane  in  microfluidic  chips  with  a)  a  widened 
channel  in  the  middle  part  and  b)  ladder-like  channels  (outlined  in  white). 
These  images  are  the  sum  of  the  panels  measured  at  different  TOF  instan¬ 
ces,  and  they  expose,  e.g.,  manufacturing  imperfections.  Flow  velocities  ex¬ 
tracted  from  TOF  data  are  shown  in  b).  Reproduced  with  permission  from 
Ref.  [230a]  John  Wiley  &  Sons,  Ltd.,  2010. 


studies  were  exemplified  by  the  demonstration  of  catalytic  re¬ 
action  imaging  of  microscale  catalyst  layers/23061  Tiny  layers  of 
heterogeneous  Rh  catalyst  packed  in  thin  capillaries  (1 50— 
800  |im  in  diameter)  served  as  model  microfluidic  reactors.  It 
was  shown  that  the  RD-PHIP  methodology  can  be  used  for  vis¬ 
ualization  of  mass  transport  and  progress  of  gas-phase  pro¬ 
pene  hydrogenation  reaction  inside  the  microreactors. 

The  white  dashed  rectangles  in  Figure  17  highlight  the  loca¬ 
tions  of  the  catalyst  layers.  The  accumulation  of  produced  HP 
propane  with  the  distance  that  gas  mixture  travels  inside  the 
catalyst  layer  is  visualized  by  the  increased  signal  amplitude  in 
the  lower  part  of  the  reactor.  It  was  shown  that  under  the 
given  conditions  (relatively  short  travel  times),  the  signal  decay 
due  to  nuclear  spin  relaxation  was  quite  insignificant,  and  the 
amplitude  of  the  HP  propane  signal  was  directly  proportional 
to  reaction  yield,  allowing  the  determination  of  the  rate  of  pro¬ 
pene  hydrogenation. 

In  addition,  the  experiments  enabled  the  observation  of  gas 
adsorption  effects  in  the  microfluidic  reactors  during  their  in 
situ  operation,  and  an  elegant  approach  for  quantifying  the 
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Figure  17.  RD  MRI  visualization  of  reaction  progress  inside  a  catalyst  layer 
packed  in  a  thin  capillary,  a)  Sample  setup.  2D  TOF  images  of  HP  propane  re¬ 
sulting  from  the  hydrogenation  reaction  in  the  reactors  of  a)  800  and  b) 

150  pm  in  diameter.  The  reactors  are  outlined  by  a  white  dashed  line  in  the 
figures.  TOF  (ms)  is  shown  at  the  bottom  of  the  panels.  The  panels  on  the 
left  are  the  sums  of  all  other  panels  in  each  series.1230'1 


amount  of  absorbed  gas  using  RD  NMR  was  proposed.  The  au¬ 
thors  also  introduced  the  concept  of  a  microfluidic  nuclear  po¬ 
larizer  based  on  their  findings  about  PHIP  produced  in  the  mi¬ 
croscale  heterogeneous  catalytic  hydrogenation. 

Further  efforts  were  directed  to  the  development  of  the  con¬ 
cept  by  employing  micro-engineering  technologies  to  produce 
micro-structured  lab-on-a-chip  reactors  with  the  catalyst  (sput¬ 
tered  Pt)  deposited  on  the  inner  surface  of  the  channels.12311  It 
was  found  that  these  reactors  did  not  provide  PHIP.  However, 
these  studies  provided  a  platform  for  further  development  of 
RD  NMR  for  future  HP  applications,  for  example,  by  using  Ha- 
damard  encoding  to  achieve  a  better  chemical  resolution.1 123161 


10.3.  Outcome  and  Perspectives 

The  current  advances  and  future  prospects  in  RD  MRI  with  HP 
gases  already  offer  many  interesting  applications  as  highlight¬ 
ed  above.  The  major  issues  concerning  the  methodology  are 
related  to  the  availability  of  HP  gases  and  the  lifetime  of  hy¬ 
perpolarization.  HP  ,29Xe  is  typically  more  expensive  than  the 
'H  HP  hydrocarbon  gases  produced  using  PHIP.  On  the  other 
hand,  the  nuclear  spin  relaxation  causes  more  severe  problems 
in  the  case  of  HP  hydrocarbons.  Recent  developments  in  the 
field  of  long-lived  nuclear  spin  states,12321  however,  may  allevi¬ 
ate  (or  at  least  mitigate)  the  latter  problem.  For  instance,  it  has 
been  shown  that  a  long-lived  HP  state  in  ethylene  gas  can  sur¬ 
vive  for  ca.  15  min.[2331  The  further  RD  NMR  development  could 
concern  utilization  of  such  extremely  long-lived  HP  states.  In 
addition,  the  progress  achieved  in  the  field  of  single-scan  ultra¬ 
fast  NMR  techniques12341  also  offers  new  capabilities  in  the  con¬ 
text  of  NMR  hyperpolarization.  For  example,  recent  work  dem¬ 
onstrates  the  feasibility  of  single-scan  2D  Laplace  NMR  experi¬ 
ments  of  dissolved  HP  propene, 12351  and  the  method  should  be 
applicable,  e.g.,  for  the  investigation  of  dynamics  and  physical 
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environments  of  HP  gases  in  porous  media,  both  with  high- 
field  and  low-field  (mobile)  NMR  instruments.1235"2361 

11.  Conclusion 

The  development  and  applications  of  HP  gases  continue  to  ad¬ 
vance,  and  show  no  sign  of  slowing  down.  In  addition  to  SEOP 
hyperpolarization  for  production  of  HP  3He  and  129Xe,  (i)  the 
SEOP  HP  technique  has  been  expanded  to  several  other  noble 
gases,  (ii)  the  heterogeneous  PHIP[28aI  technique  has  enabled 
production  of  HP  hydrocarbons  in  pure  form  (free  from  con¬ 
tamination  by  the  catalyst),  and  (iii)  the  dissolution  DNP  tech¬ 
nique  was  demonstrated  for  production  of  HP  129Xe[26-53aI  and 
15N20  gases.12371  Thus,  many  other  gases  could  be  potentially 
amenable  to  DNP  hyperpolarization. 

As  a  result  of  these  fundamental  advances  in  the  physics, 
chemistry  and  engineering  of  hyperpolarization  processes, 
which  enabled  more  efficient  production  of  established  HP 
gases  (e.g.,  higher  throughput  and  greater  polarization  in  129Xe 
hyperpolarizers)1431,2381  and  other  advances  that  enabled  the 
production  of  new  HP  gases,  it  was  possible  to  significantly 
expand  the  reach  of  applications  of  HP  gases  in  biomedicine 
and  other  fields.  For  example,  as  described  in  this  mini-review, 
HP  129Xe  is  now  being  employed  for  in  vivo  thermometry, 
brown  fat  imaging,  targeted  biosensors,  and  many  other  excit¬ 
ing  applications,  whereas  HP  hydrocarbons  are  already  used 
for  high-resolution  3D  imaging,  remote  detection,  and  micro¬ 
fluidic  imaging.  Many  other  new  applications  will  likely  emerge 
given  that  HP  gases  are  becoming  more  available  to  research¬ 
ers,  because  hyperpolarization  equipment  is  becoming  more 
readily  available  through  commercial  sources  (as  opposed  to 
custom  made  in  the  research  labs  of  specialists,  as  was  gener¬ 
ally  the  case  only  one  decade  ago).  So  far,  basic  and  transla¬ 
tional  scientists  have  been  the  main  driving  force  behind  the 
development  of  MRI  of  hyperpolarized  gases.  However,  before 
their  entry  into  routine  clinical  practice,  further  research  is 
needed  to  improve  image  quality  and  validate  its  use,  qualita¬ 
tively  and  quantitatively,  in  respiratory  disease.  This  will  un¬ 
doubtedly  require  collaboration  between  physicists,  chemists 
and  clinicians.  Moreover,  the  better-established  applications 
(e.g.,  lung  imaging  using  HP  129Xe)  will  likely  continue  to  be 
more  fully  developed,  to  the  point  when  studies  will  be  driven 
by  medical  doctors  (the  ultimate  users  of  this  technology) 
rather  than  by  the  physicists  and  chemists  who  pioneered  the 
technology  and  helped  bring  it  from  the  proof-of-principle 
stage  to  the  clinical  scale.  We  look  forward  to  all  of  these  de¬ 
velopments  with  great  excitement. 
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When  parahydrogen  reacts  with  propylene  in  low  magnetic  fields  (e.g.,  0.05  T),  the  reaction  product  pro¬ 
pane  develops  an  overpopulation  of  pseudo-singlet  nuclear  spin  states.  We  studied  how  the  Spin-Lock 
Induced  Crossing  (SLIC)  technique  can  be  used  to  convert  these  pseudo-singlet  spin  states  of  hyperpolar- 
ized  gaseous  propane  into  observable  magnetization  and  to  detect  ’H  NMR  signal  directly  at  0.05  T.  The 
theoretical  simulation  and  experimental  study  of  the  NMR  signal  dependence  on  B,  power  (SLIC  ampli¬ 
tude)  exhibits  a  well-resolved  dispersion,  which  is  induced  by  the  spin-spin  couplings  in  the  eight-proton 
spin  system  of  propane.  We  also  measured  the  exponential  decay  time  constants  (Toss  or  Ts)  of  these 
pseudo-singlet  long-lived  spin  states  (LLSS)  by  varying  the  time  between  hyperpolarized  propane  pro¬ 
duction  and  SLIC  detection.  We  have  found  that,  on  average,  Ts  is  approximately  3  times  longer  than 
the  corresponding  Tj  value  under  the  same  conditions  in  the  range  of  pressures  studied  (up  to 
7.6  atm).  Moreover,  Ts  may  exceed  13  s  at  pressures  above  7  atm  in  the  gas  phase.  These  results  are  in 
agreement  with  the  previous  reports,  and  they  corroborate  a  great  potential  of  long-lived  hyperpolarized 
propane  as  an  inhalable  gaseous  contrast  agent  for  lung  imaging  and  as  a  molecular  tracer  to  study  por¬ 
ous  media  using  low-field  NMR  and  MRI. 

©  2017  Elsevier  Inc.  All  rights  reserved. 


1.  Introduction 

Low-field  hyperpolarized  (HP)  nuclear  magnetic  resonance 
(NMR)  spectroscopy  and  imaging  (MRI)  are  quickly  developing 
frontiers  of  magnetic  resonance  research  [1].  The  recent  boost  of 
interest  in  low-field  NMR/MRI  can  be  explained  by  three  primary 
reasons.  First,  several  hyperpolarization  techniques  rapidly 
emerged,  which  enhance  NMR  signals  by  orders  of  magnitude 
[2],  thereby  significantly  improving  the  signal-to-noise  ratio 
(SNR).  Second,  improvements  in  detection  sensitivity  of  low-field 
NMR/MRI  (e.  g.,  High-Quality-Factor-Enhanced  NMR  or  EHQE- 
NMR  [3])  enable  approaching  or  even  exceeding  the  sensitivity  of 
conventional  high-field  NMR/MRI  [4].  Third,  the  lifetime  of  the 
hyperpolarized  state  can  be  significantly  enhanced  at  low  magnetic 
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fields  for  protons  and/or  heteronuclei  either  through  reduced  con¬ 
tribution  from  chemical  shift  anisotropy  or  through  long-lived  spin 
states  (LLSS)  [5-13],  These  advantages  make  low-field  hyperpolar¬ 
ized  NMR/MRI  a  promising  modality  for  in  vivo  molecular  spec¬ 
troscopy  and  imaging  [14-18].  Moreover,  MRI  in  fields  below 
0.1  T  offers  the  additional  advantage  of  negligible  Specific  Absorp¬ 
tion  Rate  (SAR),  therefore  providing  enhanced  patient  safety  and 
removing  limitations  on  pulse  sequence  design  and  implementa¬ 
tion  [19],  While  any  hyperpolarization  technique  can  be  used  in 
the  context  of  low-field  NMR/MRI,  less  expensive  and  more  high- 
throughput  parahydrogen-based  hyperpolarization  techniques, 
such  as  parahydrogen-induced  polarization  (PHIP)  [20-22]  and 
signal  amplification  by  reversible  exchange  (SABRE)  [23-28],  are 
naturally  more  suited  to  go  hand-in-hand  with  an  inexpensive 
low-field  MR  modality  rather  than  the  more  expensive  (millions 
of  dollars)  and  low-throughput  technique  of  dissolution  dynamic 
nuclear  polarization  (d-DNP)  [29,30],  currently  the  leading  hyper¬ 
polarization  technology  [31-34],  It  is  also  worth  emphasizing  that 
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the  maximum  polarization  obtainable  by  d-DNP  depends  strongly 
on  the  applied  magnetic  field  and  spin  temperature  (since  it  is  a 
phenomenon  of  polarization  transfer  from  electrons  to  nuclei), 
whereas  for  PHIP  and  SABRE  the  maximum  polarization  is 
independent  of  these  parameters.  Furthermore,  in  addition  to 
biomedical  applications,  the  combination  of  hyperpolarization 
and  low-field  detection  can  be  potentially  useful  for  spectroscopic 
and  imaging  analysis  of  industrial-scale  processes,  where  overpop¬ 
ulated  pseudo-singlet  spin  states  are  conveniently  created  using 
chemical  reactions  involving  parahydrogen  [35], 

Parahydrogen  (p-H2)  is  a  naturally  occurring  nuclear  spin  sin¬ 
glet  state  that  can  be  efficiently  incorporated  into  certain  mole¬ 
cules  of  interest  via  pairwise  hydrogenation  reaction  [20,21,36], 
When  the  reaction  is  carried  out  in  a  sufficiently  low  magnetic 
field,  the  singlet  spin  state  of  the  nascent  p-H2  protons  can  be  rel¬ 
atively  long-lived  if  permitted  by  the  symmetry  of  the  nuclear  spin 
Hamiltonian  [37].  The  p-H2-induced  singlet  spin  order  can  be 
converted  into  observable  magnetization  using  various  singlet- 
to-magnetization  (S2M)  transfer  algorithms  38],  including  spin- 
lock  induced  crossing  [39-41],  and  conveniently  detected  directly 
at  low  field  [35], 

Recently,  we  demonstrated  that  when  parahydrogen  is  added  to 
the  propylene  at  a  relatively  low  magnetic  field  (i.e.,  in  the  strong¬ 
coupling  regime,  where  chemical  shift  difference  of  ~0.44  ppm 
between  methylene  and  methyl  protons  in  propane  is  less  than 
their  spin-spin  coupling  constant  ^hh  of  ~7.4  Hz),  the  symmetry 
of  the  p-H2-nascent  singlet  state  is  partially  conserved  and  the 
resultant  propane  may  potentially  possess  LLSS  [42].  This  is  not 
straightforward,  because,  firstly,  propane  is  a  multi-spin  system 
containing  8  strongly  coupled  protons  at  low  magnetic  field,  which 
is  a  significantly  more  complex  spin  system  than  the  isolated  2-spin 
pairs  typically  exploited  as  LLSS  [43],  Secondly,  the  dominant  relax¬ 
ation  mechanism  for  molecules  in  the  gas  phase  is  often  the  modu¬ 
lation  of  spin-rotation  interactions  rather  than  dipole-dipole 
interactions;  only  the  latter  are  effectively  "switched  off’  between 
spins  in  a  singlet  state  [44-46].  Nevertheless,  it  has  been  shown  the¬ 
oretically  [47,48]  and  experimentally  [48-50]  that  LLSS  can  exist  in 
multi-spin  systems  comprising  more  than  two  coupled  spins. 

Here,  we  present  a  systematic  study  of  LLSS  in  the  hyperpolar- 
ized  gaseous  propane  molecule  via  (i)  employing  PHIP  to  produce 
gaseous  propane  at  a  low  magnetic  field  and  (ii)  subsequently 
transforming  the  “hidden"  pseudo-singlet  spin  order  into  observ¬ 
able  magnetization  using  the  Spin-Lock  Induced  Crossing  (SL1C) 
technique  [39,51]  and  performing  signal  detection  directly  at 
0.05  T  (Fig.  la).  Using  a  variable  time  delay  (i.e.,  waiting  time) 
between  hyperpolarized  propane  production  and  signal  detection, 
we  were  able  to  measure  the  lifetime  (Ts)  of  the  pseudo-singlet  LLSS 
for  a  wide  range  of  pressures,  and  Ts  was  found  to  be  approximately 
3-fold  greater  than  Tj  under  the  same  conditions.  The  very  high  SL1C 
transformation  efficiency,  which  is  enabled  by  the  use  of  a  more 
homogeneous  magnet  than  in  our  pioneering  report  [42],  allowed 
us  to  demonstrate  high-resolution  ]H  NMR  spectra  and  well- 
resolved  dependence  of  the  observable  NMR  signal  on  B i  power 
(SLIC  dispersion),  which  is  clearly  modulated  by  proton-proton 
/-couplings  in  the  propane  molecule.  Finally,  we  performed  spin 
dynamics  simulations  by  solving  the  full  Liouville-von  Neumann 
equation,  and  demonstrated  that  the  experimentally  observed  phe¬ 
nomena  are  in  excellent  agreement  with  theoretical  calculations. 

2.  Materials  and  methods 

2.3.  Heterogeneous  hydrogenation 

The  schematic  of  the  experimental  setup  is  shown  in  Fig.  Lb. 
Propylene  (>99%,  Sigma-Aldrich,  #295663)  and  ultra-pure 
hydrogen  (>99.999%,  A-L  Compressed  Gases  Inc.,  Nashville,  TN) 


were  used  as  received.  Preparation  of  the  Rh/Ti02  catalyst  was 
described  elsewhere  [52],  Hydrogen  gas  was  enriched  with  p-H2 
to  ~50%  para-state  using  a  home-built  parahydrogen  generator 
by  passing  normal  H2  through  FeO(OH)  powder  (Sigma-Aldrich, 
P/N  371254,  30-50  mesh)  maintained  at  liquid  N2  temperature 
(77  K)  [53],  Alternatively,  a  home-built  p-H2  generator  using  cry- 
ocooling  was  employed  to  produce  80%  p-H2.  Gas  flow  rates  of  p- 
H2  and  propylene  (see  SI  for  details  regarding  flow  rates  for  differ¬ 
ent  pressures)  were  regulated  by  mass  flow  controllers  (Sierra 
Instruments,  Monterey,  CA,  model  #C50L-AL-DD-2-PV2-V0).  The 
gases  flowed  through  a  long  Teflon  tube  to  ensure  their  efficient 
mixing  and  then  to  the  1/8  in.  tubing  copper  reactor  packed  with 
Rh/Ti02  catalyst  located  between  two  pieces  of  fiberglass  wool. 
The  reactor  was  heated  to  100  °C  using  heating  tape.  The  resultant 
gas  mixture  was  directed  either  to  the  detection  chamber  (a  plastic 
chamber  or  medium  walled  5  mm  NMR  tube)  located  inside  the  RF 
probe  connected  to  the  NMR  spectrometer  (Kea2,  Magritek, 
Wellington,  New  Zealand)  or  directly  to  the  vent  using  a  system 
of  two  manual  shut-off  valves  (Western  Analytical  Products,  #P- 
733).  The  total  pressure  in  the  reactor  and  in  the  detection  cham¬ 
ber  was  the  same,  and  it  was  controlled  using  a  backpressure  reg¬ 
ulator  (Fig.  lb). 

2.2.  Low-field  (2  MHz)  NMR  detection 

Two  experimental  arrangements  were  used  to  obtain  data  in 
the  current  study.  The  first  experimental  setup  was  similar  to  that 
described  earlier  [35].  The  magnet  (~2  MHz  Magritek  rock  core 
analyzer,  Halbach  array,  radial  field  direction)  had  homogeneity 
of  ~20  ppm  over  4  cm  diameter  of  spherical  volume  (DSV).  A  com¬ 
mercially  available  MR  Kea2  spectrometer  (Magritek,  Wellington, 
New  Zealand)  was  used  for  NMR  detection  as  described  by  Waddell 
et  al.  [54],  The  detection  chamber  (plastic,  ~2  mL)  was  placed  in 
the  home-built  ’H  RF  coil  located  in  the  magnet  [55].  More  exper¬ 
imental  details  of  this  experimental  arrangement  can  be  found  in 
Ref.  [35], 

The  second  arrangement  of  the  low-field  NMR  apparatus  was 
comprised  of  a  shimmed  permanent  magnet  (SIGWA  0.0475T,  Bos¬ 
ton,  MA)  with  an  80  cm  gap  and  a  homogeneity  of  <20  ppm  across 
a  40  cm  DSV  (note  that  B0  homogeneity  over  the  relevant  volume 
of  the  5  mm  NMR  tube  was  better  than  2  ppm)  and  a  two  channel 
RF  probe  consisting  of  an  inner  Tx/Rx  detection  coil  and  an  outer 
Tx-only  excitation  coil.  The  two  channel  1H/1H  RF  probe  was 
designed  to  measure  samples  stored  in  standard  5  mm  diameter 
NMR  tubes  (see  SI).  The  inner  Tx/Rx  solenoid  RF  coil  was  decoupled 
from  the  outer  transmit-only  Helmholtz  saddle  coil  by  geometric 
orthogonality.  The  solenoid  coil  (8  mm  diameter  by  193  mm 
length)  constructed  to  conform  closely  to  the  dimensions  of  the 
NMR  sample  in  order  to  improve  the  coil  filling  factor  and  had  a 
quality  factor  Q  of  70.  The  outer  saddle-shaped  Tx-only  excitation 
coil  had  75  mm  O.D.  and  220  mm  length.  This  experimental 
arrangement  allowed  attenuating  the  SLIC  RF  pulses  from  the  out¬ 
put  of  the  RF  amplifier  (BT00250-AlphaS,  Tomco,  Stepney,  South 
Australia)  without  attenuating  the  detected  NMR  signal  coming 
from  the  spin  system  after  pulses.  The  coil  was  shielded  from  elec¬ 
tric  field  interference  and  noise  by  housing  it  in  an  RF  shield  com¬ 
posed  of  a  hollow  copper  cube  made  out  of  square  copper  clad  PCB 
material  (1  ft  x  1  ft).  A  circular  waveguide  50  mm  in  length  pro¬ 
truded  from  the  shield  and  served  as  an  access  port  for  insertion 
of  the  sample  into  the  RF  coil.  The  shielding  provided  an  electric 
field  suppression  of  60  dB.  Radio  frequency  calibration  of  the  Tx/ 
Rx  coil  using  a  10  mM  aqueous  solution  of  CuS04  in  a  5  mm  med¬ 
ium  walled  NMR  tube  yielded  a  rc/2  ’H  excitation  pulse  width  of 
26  ps  at  0.6  W.  Most  of  the  experimental  results  presented  in  the 
study  were  obtained  using  the  second  arrangement  (unless  other¬ 
wise  noted). 
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Fig.  1.  (a)  Molecular  diagram  of  parahydrogen  (p-H2)  addition  to  propylene  over  Rh/Ti02  at  0.05  T  resulting  in  the  formation  of  pseudo-singlet  long-lived  spin  states  (LLSS)  of 
propane,  followed  by  the  application  of  the  Spin-Lock  Induced  Crossing  (SLIC)  sequence  to  transform  LLSS  into  observable  magnetization  and  to  detect  the  NMR  signal,  (b) 
Schematic  diagram  of  the  experimental  setup  employed  to  perform  p-H2  addition  to  propylene  and  to  detect  LLSS  of  propane  produced  at  0.05  T  using  the  SLIC  sequence.  Note 
that  separate  ’H/'H  Rx  and  Tx  coils  were  used,  with  the  internal  solenoid  (Rx)  geometrically  decoupled  from  the  outer  saddle-shaped  coil  (Tx)  by  orienting  them  orthogonally 
(in  addition  to  mutual  orthogonality  of  Bi  fields  of  each  RF  coil  to  the  main  B0  field,  see  SI). 


2.3.  SLIC  RF  pulse  sequence 

Spin  order  of  p-H2-nascent  protons  after  chemical  addition  to 
propylene  was  converted  to  observable  magnetization  using  the 
Spin-Lock  Induced  Crossing  (SLIC)  sequence  developed  by  DeVience 
et  al.  [39].  In  order  to  generate  low-power  (~30  pW)  SLIC  pulses, 
additional  attenuators  (Bird  Technologies,  10  W,  A  series,  male/ 
female  N  connector,  30  and  20  dB)  were  inserted  between  the  out¬ 
put  of  the  RF  amplifier  and  the  RF  input  of  the  Tx  coil.  The  SLIC  pulse 
amplitude  was  calibrated  by  measuring  the  signal  of  a  1 0  mM  aque¬ 
ous  solution  of  CuS04  (placed  in  a  5  mm  medium  walled  NMR  tube) 
on  the  Tx/Rx  coil  while  transmitting  on  the  Tx-only  channel.  Nuta¬ 
tion  experiments  for  the  Tx-only  coil  at  the  power  level  of  SLIC 
pulse  (32  pW)  with  detection  via  the  Tx/Rx  coil  yielded  rc/2  ’H  exci¬ 
tation  pulse  width  of  22  ms.  Acquisition  of  the  ’H  NMR  signal 
occurred  directly  during  the  flow  of  the  propane  gas  through  the 
NMR  tube.  The  lifetime  (Ts)  of  the  pseudo-singlet  LLSS  of  propane 
in  0.05  T  field  was  measured  by  varying  the  time  delay  between 
the  interruption  of  gas  flow  through  the  detection  chamber  and 
the  application  of  the  SLIC  pulse.  For  T ^  measurements,  the  pulse 
sequence  was  applied  immediately  after  the  gas  flow  was  stopped. 

3.  Results  and  discussion 

The  intensity  of  an  NMR  signal  is  directly  proportional  to  the 
product  of  the  nuclear  spin  polarization  and  the  concentration  of 
magnetic  nuclei  in  the  detection  zone  of  the  NMR  spectrometer. 
Both  of  these  parameters  are  very  low  for  thermally  polarized  pro¬ 
pane  at  a  magnetic  field  of  0.05  T.  Indeed,  at  such  a  low  field  the 
thermal  polarization  of ’FI  nuclei  is  only  1.6-10_5%  and  the  concen¬ 
tration  of  hydrogen  atoms  in  gaseous  propane  is  ~0.3  M,  which  is 
approximately  two  orders  of  magnitude  lower  than  the  proton 
concentration  in  liquid  water.  The  PHIP  hyperpolarization  tech¬ 
nique  is  suitable  for  direct  ’H  NMR  signal  enhancement  of  the  pro¬ 
pane,  when  the  chemical  shift  difference  between  p-H2-nascent 
protons  is  significantly  greater  than  the  ^HH-coupling  between 
them.  This  corresponds  to  the  condition  of  the  weak  coupling 
regime  for  methyl  and  methylene  protons  in  the  propane  molecule. 
Otherwise,  in  the  strong  coupling  regime,  the  singlet  state  of  p-H2 


is  still  conserved  in  the  propane  molecule  produced  by  hydrogena¬ 
tion  of  propylene.  This  manifests  itself  in  a  relatively  low  NMR 
signal  when  measured  at  low  magnetic  field,  because  the  PHIP- 
induced  quantum  state  is  nonmagnetic.  Indeed,  a  direct  detection 
of  hyperpolarized  (HP)  propane  using  a  hard  n/2  pulse  at  0.05  T 
results  in  a  relatively  low-intensity  antiphase  signal,  showing  a 
complex  splitting  pattern  (Fig.  2a).  This  result  is  in  agreement  with 
the  previously  reported  low-field  NMR  detection  of  HP  norbornane 
[56  .  We  also  note  that  this  complex  spectral  pattern  was  not  fully 
spectrally  resolved  earlier  due  to  significantly  worse  B0  magnetic 
field  homogeneity  [42],  We  carried  out  spin  dynamics  simulations 
by  numerically  solving  the  Liouville-von  Neumann  equation  for 
the  density  matrix  of  the  spin  system  in  order  to  analyze  this  pat¬ 
tern  and  to  rationalize  the  observed  splittings  (see  SI).  The  analysis 
revealed  that  the  dominant  contribution  to  the  observed  ’H  NMR 
signal  is  from  the  propane  molecules  containing  13C  nuclei  at  nat¬ 
ural  abundance  (1.1%).  The  calculation  included  only  a  one-bond 
heteronuclear  J-coupling  of  125  Hz  and  three  equally  probable 
positions  of  the  13C  label  with  respect  to  the  p-H2-nascent  protons 
in  the  propane  molecule  (Fig.  2b).  The  simulated  spectrum  repro¬ 
duces  very  well  the  observed  experimental  features,  and  the 
resulting  NMR  spectrum  is  essentially  dominated  by  the  signal 
originating  from  13C-containing  isotopomers.  This  is  remarkable, 
because  13C-containing  isotopomers  account  for  only  ~3.3%  of  all 
propane  molecules,  while  the  bulk  of  the  propane  (~96.7%)  is  free 
from  magnetic  nuclei  other  than  protons.  Nevertheless,  this  small 
population  of  13C-containing  isotopomers  produces  the  vast 
fraction  of  the  observed  NMR  signal. 

A  much  greater  NMR  signal  intensity  arising  from  13C-containing 
HP  propane  molecules  (compared  to  those  without  13C  nuclei)  is 
explained  by  the  presence  of  J-coupled  heteronuclei.  These 
heteronuclei  break  the  near  magnetic  equivalence  of  strongly 
coupled  hydrogens  due  to  unequal  spin-spin  couplings  to  different 
protons  in  the  molecule  and  reveal  the  otherwise  “hidden” 
p-H2-induced  hyperpolarization  [11,57,58].  This  observation  is 
similar  to  propane-d6  produced  via  p-H2  pairwise  addition  to 
propylene-d6  demonstrating  significantly  stronger  NMR  signals 
than  its  non-deuterated  analogue  using  direct  detection  and  hard 
excitation  RF  pulses  at  0.05  T  [59].  Note  that  if  a  tt/4  pulse  is  used 
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Fig.  2.  (a)  'H  NMR  spectrum  of  HP  propane  recorded  at  0.05  T  after  application  of  a  hard  n/2  RF  pulse;  HP  propane  is  obtained  from  propylene  via  pairwise  p-H2  addition  over 
Rh/Ti02  catalyst,  (b)  Simulation  of  'H  NMR  spectrum  of  HP  propane  (after  application  of  a  hard  n/2  RF  pulse):  blue  trace  -  HP  propane  population  without  13C  nuclei;  red 
trace  -  HP  propane  containing  1.1%  (natural  13C  abundance)  of  randomly  distributed  13C  nuclei;  blue-red  trace  is  the  sum  of  blue  and  red  traces  shown  behind  it.  (c)  [H  NMR 
spectrum  (SNR  ~  730)  of  HP  propane  recorded  at  0.05  T  after  application  of  SLIC  RF  pulse  with  Bi  of  22.2  Hz;  HP  propane  is  obtained  from  propylene  via  pairwise  p-H2 
addition  over  Rh/Ti02  catalyst,  (d)  Simulation  of 'H  NMR  spectrum  of  HP  propane  using  a  SLIC  RF  pulse  with  Bi  of  -  -22. 2  Hz.  Note  the  vertical  scaling  factor  of  10  for  spectrum 
(a)  compared  to  spectrum  (c),  and  the  factor  of  140  scaling  for  spectrum  (b)  compared  to  spectrum  (d).  (e)  Experimentally  measured  (black  circles  and  trace)  and  theoretically 
calculated  (red  trace)  dependence  of  the  SLIC  induced  HP  propane  signal  on  £h  amplitude  at  the  SLIC  RF  pulse  duration  (TSiiC)  of  0.5  s  at  0.05  T.  (f)  Experimentally  measured 
dependence  of  the  SLIC  induced  HP  propane  signal  on  the  SLIC  RF  pulse  duration  at  Bi  amplitude  of  22.2  Hz.  (For  interpretation  of  the  references  to  color  in  this  figure  legend, 
the  reader  is  referred  to  the  web  version  of  this  article.) 


for  signal  detection,  the  observed 1 H  NMR  spectrum  is  slightly  differ¬ 
ent  (however,  it  can  be  very  well  simulated  using  a  density  matrix 
formalism),  mainly  because  of  the  significantly  altered  spectral  con¬ 
tribution  of  13C-containing  isotopomers  (Fig.  S5). 

When  a  SLIC  RF  pulse  is  used  for  excitation,  it  yields  an  NMR 
signal  1-2  orders  of  magnitude  greater  than  that  obtained  using 
a  hard  RF  pulse  excitation  (Fig.  2c).  The  SLIC  RF  pulse  employed 
had  a  duration  (tshc)  of  ~0.5  s  and  a  Bi  amplitude  of  ~22.2  Hz. 
The  latter  corresponds  to  approximately  3-3JHh.  where  ^hh  is  the 
three-bond  spin-spin  coupling  constant  between  methyl  and 
methylene  protons  in  propane.  Spectral  simulations  support  our 
experimental  finding,  i.e.,  the  observation  of  the  in-phase  NMR  sig¬ 
nal  of  HP  propane  after  SLIC  RF  excitation  (Fig.  2d).  The  dominant 
fraction  of  this  signal  is  the  contribution  from  the  most  abundant 
HP  propane  molecules  without  13C  nuclei.  The  experimentally 
observed  NMR  signal  intensity  was  approximately  14  times  lower 
than  that  predicted  theoretically  (if  the  corresponding  spectra 
obtained  with  a  tt/2  pulse  are  normalized  to  have  the  same  signal 
intensity,  see  Fig.  2a-d).  This  discrepancy  cannot  be  explained  by 
relaxation  losses  before  acquisition;  indeed,  the  time  HP  propane 
spent  between  production  and  the  detection  was  the  same  in  both 
detection  protocols  in  which  the  hard  pulse  and  the  SLIC  pulse 
were  utilized  (Fig.  2a  and  c).  More  than  a  factor  of  14  difference 
in  signal  intensities  may  be  partially  explained  by  a  non-ideal  per¬ 
formance  of  the  SLIC  pulse,  caused  by  inhomogeneity  of  Bi  and  B0 
fields  (most  critical  factor)  and  relaxation/decoherence  during  the 


long  RF  SLIC  excitation  pulse  (0.5  s)  [35  .  More  importantly,  these 
experiments  were  performed  in  a  continuous  flow  mode,  where 
gaseous  propane  was  flowing  through  the  NMR  tube  while  the 
NMR  signal  was  being  acquired.  As  a  result,  a  significant  fraction 
of  the  produced  HP  propane  might  have  migrated  into  or  out  of 
the  RF  coil  during  the  SLIC  pulse.  This  fact  can  additionally  lower 
the  resulting  SLIC-induced  signal.  However,  performing  the  exper¬ 
iment  in  the  continuous  flow  regime  is  a  clear  advantage  of  the 
present  study,  because  the  critical  parameters  influencing  the  SLIC 
efficiency  (i.e.,  Ts|ic  and  B])  can  be  conveniently  studied  in  an  auto¬ 
mated  fashion  under  nearly  identical  conditions. 

Next,  the  B,  amplitude  of  the  SLIC  pulse  was  varied  under  con¬ 
ditions  of  fixed  tsiic  of  ~0.5  s.  The  resulting  NMR  signal  peak  inten¬ 
sity  was  plotted  as  a  function  of  B ^  amplitude  revealing  a  notable 
quartet  splitting  pattern  (Fig.  2e).  We  name  this  spectral  pattern 
‘SLIC  dispersion’  (in  a  manner  similar  to  chemical  shift  dispersion), 
which  is  clearly  mediated  by  the  three-bond  H-H  spin-spin  cou¬ 
pling  3J hh  due  to  the  peaks’  positions  at  ~7.4  Hz,  ~14.8Hz, 
~22.2  Hz,  and  ~29.6  Hz,  respectively.  It  should  also  be  emphasized 
that  the  asymmetry  of  this  quartet  (i.e.,  lower  peak  intensity  at 
lower  B]  values)  is  likely  the  result  of  disproportionately  greater 
signal  losses  due  to  B]  and  B0  inhomogeneities.  The  observed  pat¬ 
tern  is  also  significantly  more  complex  than  the  analogous  one  for 
a  two-spin  system  (Fig.  S6a),  where  (i)  there  are  no  additional  spin- 
spin  couplings,  and  (ii)  a  maximum  is  observed  for  B i  value  equal 
to  the  value  of  spin-spin  coupling  J  [39],  Spin  dynamics  calcula- 
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tions  using  the  density  matrix  formalism  were  carried  out  in  order 
to  explain  the  experimental  results  (see  SI).  We  found  that  if  the 
frequency  (Bj  offset)  of  the  SLIC  pulse  is  set  exactly  at  the  average 
of  the  methyl  and  methylene  proton  resonances  and  Tsiic  =  0.5  s, 
the  maxima  in  signal  amplitude  are  observed  at  the  frequencies 
3Jhh.  2-3/hh.  3-3/hh.  and  4-3JHH,  where  3/Hh  is  the  spin-spin  coupling 
constant  between  methyl  and  methylene  protons  (Fig.  2e).  This 
result  is  reasonable,  because  nuclear  spin  level  anti-crossings 
(spin-lock  induced  crossings)  occur  at  specific  nutation  frequen¬ 
cies.  At  these  frequencies  chemical  shift  differences  drive  a  polar¬ 
ization  transfer  between  spin-locked  states  with  AF  =  ±  1  and 
Amf  =  ±  1  (where  F  and  mF  are  angular  momentum  quantum  num¬ 
bers,  i.e.  states  |F,  mf)),  which  is  detected  as  a  decrease  in  x-axis 
magnetization  (observable  signal)  [60], 

The  dependence  of  the  'H  NMR  signal  of  HP  propane  on  the 
duration  of  the  SLIC  pulse  is  shown  in  Fig.  2f.  It  manifests  itself 
as  a  decaying  oscillation  reaching  a  plateau  at  approximately  half 
of  the  maximal  intensity  for  tsiic  greater  than  2  s.  The  main  reason 
for  this  plateauing  (vs.  signal  decaying  to  zero)  is  the  experimental 
condition  of  continuous  gas  flow  through  the  NMR  tube  during  the 
series  of  acquisitions  with  variable  SLIC  duration.  While  a  portion 
of  the  gas  was  pushed  out  by  the  inflowing  gas,  the  freshly  sup¬ 
plied  HP  propane  portion  experiences  only  a  fraction  of  the  SLIC 
pulse.  After  a  certain  duration  of  the  SLIC  pulse  the  observed  signal 
becomes  independent  of  Ts]ic  and  a  steady-state  magnetization  is 
achieved.  An  analytical  solution  for  the  SLIC  signal  vs.  SLIC  duration 
in  the  present  experimental  arrangement  is  in  agreement  with  the 
observed  phenomena  and  is  presented  in  the  SI  (Fig.  S8). 

The  Ts  and  T ^  of  HP  propane  were  measured  at  0.05  T  using  opti¬ 
mal  values  of  B ^  amplitude  and  Tslic  found  for  the  SLIC  RF  pulse 
(Fig.  3a  and  b).  Specifically,  the  pulse  sequences  shown  in 
Fig.  3c-f  were  employed.  The  waiting  time  period  between  the 
injection  of  the  gas  into  the  detection  chamber  and  the  application 
of  the  SLIC  pulse  was  varied  in  a  consecutive  series  of  experiments 
for  Ts  measurements.  Since  the  SLIC  RF  pulse  allows  converting  the 
singlet  spin  state  directly  into  transverse  magnetization,  no  addi¬ 
tional  RF  pulses  are  needed  for  measuring  Ts  (Fig.  3c  and  d).  In  case 
of  Ti  measurements,  the  SLIC  RF  pulse  was  applied  directly  after 
the  injection  of  HP  propane  gas  into  the  chamber,  immediately  fol¬ 
lowed  by  a  jt/2  pulse  to  convert  transverse  magnetization  created 
by  the  SLIC  pulse  into  a  longitudinal  one  (parallel  to  the  z-axis). 
Then  two  different  strategies  were  used  for  the  measurement.  In 
the  first  approach,  small-angle  RF  excitation  pulses  were  employed 
to  probe  the  7,.  The  second  strategy  used  a  variable  delay  between 
rotating  the  magnetization  toward  the  z-axis  and  applying  the  sec¬ 
ond  7t/2  pulse.  Measured  values  are  plotted  in  Fig.  3b,  and  in  addi¬ 
tion  listed  in  Table  SI.  Two  representative  curves  are  shown  in 
Fig.  3a  for  the  pressure  of  ~7.6  atm. 

Both  Tj  and  Ts  of  HP  propane  increase  with  the  total  gas  pres¬ 
sure  (up  to  Ti  ~  4  s  and  Ts  ~  13  s  at  7.6  atm).  This  is  not  surprising, 
because  the  correlation  time  is  reduced  when  the  time  between 
collisions  of  gas  molecules  decreases.  Another  potential  reason 
for  7i  and  Ts  becoming  longer  is  the  greater  fraction  of  HP  propane 
in  the  gas  phase  as  pressure  increases  due  to  changes  in  propylene 
hydrogenation  kinetics  [61,62],  Indeed,  additional  'H  400  MHz 
NMR  measurements  using  the  same  experimental  setup  demon¬ 
strated  that  propylene  to  propane  conversion  increases  as  the  total 
pressure  increases  (see  SI).  This  fact  is  in  agreement  with  typically 
positive  overall  reaction  orders  for  hydrogenation  of  alkenes  above 
300  K  [61,63-67],  Notably,  the  experimentally  determined  ratio  of 
Ts/Tj  is  nearly  constant  and  amounts  to  3.1  ±  0.5  for  all  studied 
pressures,  suggesting  that  the  contribution  of  dipole-dipole  inter¬ 
actions  toward  the  relaxation  mechanism  for  hydrocarbons  in  gen¬ 
eral,  and  for  propane  in  particular,  is  significant.  Future  studies  are 
certainly  warranted  to  investigate  theoretically  the  fundamental 


causes  governing  the  observed  behavior  and  multi-spin  proton 
LLSS  in  the  gas  phase. 

Analysis  of  static  magnetic  fields  suitable  for  the  SLIC  transfor¬ 
mation  in  propane  was  carried  out.  In  general,  the  static  magnetic 
field  (B0)  should  be  low  enough  for  p-H2-nascent  protons  to  reside 
in  singlet  spin  states  after  hydrogenation.  Straightforward  analysis 
shows  that  for  two  p-H2-nascent  spins  in  methylene  and  methyl 
groups  to  be  in  the  strong  coupling  regime,  a  magnetic  field  B0 
below  2nJ/ym(Sj  -  S2 )  ~  0.4  T  is  sufficient  (here  y1H  is  the  proton 
gyromagnetic  ratio,  J  =  7.4  Hz  is  the  spin-spin  coupling  between 
methylene  and  methyl  protons,  and  <5i  =  1 .34  ppm  and 
S2  =  0.90  ppm  are  their  chemical  shifts,  respectively).  Our  simula¬ 
tions  show  that  the  optimal  duration  of  the  SLIC  pulse  may  be 
decreased  from  ~600  ms  at  0.05  T  down  to  ~70  ms  at  0.4  T  (see 
SI).  This  will  undoubtedly  improve  the  overall  performance  of  the 
SLIC  pulse  in  singlet-to-triplet  conversion,  because  relaxation/ 
decoherence  losses  during  the  spin-lock  pulse  will  be  reduced. 
Moreover,  the  ’H  NMR  signal  of  propane  obtained  after  the  SLIC 
pulse  may  be  increased  at  higher  fields  as  well  (Fig.  S7).  Moving 
to  magnetic  fields  higher  than  0.05  T  as  employed  here  has  other 
advantages:  MRI  scanners  operating  in  the  low  magnetic  field 
region  (i.e.,  0.1-0.5T)  are  readily  available  on  the  market.  Given 
that  relaxation  times  (Tj,  72)  of  propane  should  not  significantly 
depend  on  the  static  magnetic  field  strength  (since  the  conditions 
of  extreme  narrowing  apply  for  propane  in  the  gas  phase  [63]), 
operation  in  the  0.1-0.5T  magnetic  field  region  may  additionally 
improve  SLIC  efficiency  and  signal  detection  sensitivity  of  HP  gas¬ 
eous  propane  for  various  applications. 

It  is  worth  noting  that  the  singlet-to-triplet  conversion  effi¬ 
ciency  can  approach  a  theoretical  limit  of  unity  or  100%  only  in 
case  of  ideal  isolated  two-spin  system  (Fig.  S6a),  while  the  trans¬ 
formation  efficiency  of  SLIC  at  0.05  T  was  found  to  be  only  ~8% 
for  eight-proton  spin  system  of  propane.  While  this  value  is  signif¬ 
icantly  below  100%,  it  is  a  manifestation  of  a  complex  network  of 
spin-spin  interactions.  Indeed,  simplification  of  the  system  to  five 
(vs.  eight)  proton  spins  of  ethyl  group  results  in  the  increase  of 
the  transformation  efficiency  to  ~14%  using  otherwise  the  same 
simulation  parameters  (Fig.  S6b).  This  observation  is  also  in  agree¬ 
ment  with  our  previous  SLIC  studies  of  ethyl  groups  in  the  liquid 
state  [35],  It  should  be  pointed  out  that  SLIC  transformation  effi¬ 
ciency  can  be  more  than  doubled  at  higher  magnetic  fields,  e.g., 
using  0.4  T  vs.  0.05  T  (Fig.  S7). 

The  results  presented  here  are  important  in  the  context  of 
potential  applications  of  HP  propane  and  its  LLSS  created  by 
pairwise  addition  of  p-H2  as  an  inhalable  contrast  agent  for 
functional  lung  imaging.  Several  clinical  research  approaches  for 
lung  imaging  using  MRI  that  are  currently  being  developed  include 
imaging  of  heteronuclei,  e.g.  19F  MRI  of  perfluorinated  gases  such  as 
SF6  and  CnF2n+2  (n  =  1-3)  [68,69]  or  HP  noble  gases,  such  as  3He, 
129Xe,  and  others  [31,70,71],  The  production  of  HP  noble  gases 
has  relatively  high  cost,  and  it  also  requires  sophisticated 
hyperpolarizer  instrumentation.  The  imaging  of  both  HP  noble 
gases  and  19F  via  MRI  additionally  requires  multinuclear  RF  coil 
and  transmitter/receiver  capabilities.  The  above  two  factors  signif¬ 
icantly  limit  applications  of  these  agents  only  to  several  privileged 
centers  of  excellence  worldwide.  The  major  advantage  of  using  HP 
propane  (and  potentially  other  hydrocarbon  gases)  [72]  in  MRI  is 
its  very  low  cost  (a  few  cents  per  liter  excluding  the  cost  of  p-H2 
production)  and  production  scalability.  Moreover,  any  MRI  system 
with  proton  transmit/receive  circuitry  is  potentially  capable  of 
molecular  imaging  using  HP  propane;  it  should  be  noted  though 
that  LLSS  may  be  currently  utilized  using  low-field  MRI  scanners 
[35],  Furthermore,  *H  MRI  of  hydrocarbon  gases  may  find  various 
applications  in  materials  science,  studying  porous  media,  imaging 
of  chemical  reactors,  or  other  non-biomedical  applications. 
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Fig.  3.  (a)  Examples  of  T,  (black  symbols  and  trace)  and  Ts  (red  symbols  and  trace)  measurements  of  gaseous  HP  propane  at  -  7.6  atm.  (b)  Measured  T,  (black  symbols  and 
trace)  and  Ts  (red  symbols  and  trace)  of  gaseous  propane  at  various  pressures.  Empty  circles  and  squares  show  the  results  obtained  using  the  setup  described  in  Fig.  Ib 
(second  experimental  arrangement,  see  Section  2.2),  filled  circles  and  squares  show  results  obtained  using  the  first  experimental  arrangement  (see  Section  2.2).  (c)  Sequence 
of  events  for  propane  Ts  measurements  using  the  two  channel  'H/'H  probe  (experimental  data  points  are  represented  by  empty  red  circles  in  (b)):  Injection  (Ij)  of  the  propane 
into  the  detection  chamber,  flow  cessation  in  the  detection  chamber  and  a  waiting  time  period  of  variable  duration,  low-amplitude  RF  field  irradiation  (SLIC)  for  the  time  tsi1c 
on  the  transmit  (Tx)  coil  followed  by  signal  acquisition  using  the  Tx/Rx  coil,  (d)  Sequence  of  events  for  propane  Ts  measurement  using  a  single-channel  'H  probe 
(experimental  data  points  are  represented  by  filled  red  circles  in  (b)).  (e)  Sequence  of  events  for  propane  T,  measurements  using  a  two  channel  'H/’H  probe  (experimental 
data  points  are  represented  by  empty  black  squares  in  (b)):  Injection  (Ij)  of  HP  propane  into  the  detection  chamber,  flow  cessation  and  immediate  application  of  low-power 
irradiation  (SLIC)  for  duration  rsiic  on  the  transmit  (Tx)  coil  followed  by  a  n/2  pulse  and  a  train  of  small-angle  excitation  pulses  {[>  =  1 0°)  with  time  delay  t  on  the  Tx/Rx  coil,  (f) 
Sequence  of  events  for  propane  T,  measurement  using  a  single-channel  'H  probe  (experimental  data  points  are  represented  by  filled  black  squares  in  b).  (For  interpretation  of 
the  references  to  color  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  this  article.) 


It  is  important  to  consider  the  key  contrast  agent  characteristics 
influencing  the  detection  sensitivity  of  HP  propane  compared  to 
that  of  HP  129Xe  in  the  context  of  potential  biomedical  applications. 
Hyperpolarization  of  129Xe  to  nearly  the  theoretical  maximum  of 
unity  (~90%)  has  been  demonstrated  [73-75  ,  while  the  highest 
propane  polarization  demonstrated  to  date  is  only  6%  [76],  How¬ 
ever,  more  than  3  times  greater  gyromagnetic  ratio  of  protons 
compared  to  that  of  129Xe  and  the  widespread  availability  of  ’H 
transmitter/detection  hardware  in  MRI  scanners  make  them  much 
more  favorable  nuclei  from  the  detection  perspective  for 
hyperpolarized  gas  NMR/MRI.  We  hope  that  this  study  will 
stimulate  future  work  to  further  increase  the  level  of  hyperpolar¬ 
ization  of  propane  via  PH1P.  Finally,  SLIC  efficiency  of  singlet-to- 
triplet  transformation  is  another  challenge  that  should  be 
addressed  in  the  future  to  maximize  the  imaging  sensitivity  of 
HP  propane  produced  by  PHIP. 


4.  Conclusion 

In  conclusion,  the  long-lived  nuclear  spin  states  of  HP  propane 
produced  via  pairwise  addition  of  p-H2  to  propylene  were  system¬ 
atically  studied  in  the  gas  phase  at  pressures  up  to  ~7.6  atm.  In 
particular,  we  created  the  LLSS  in  HP  propane  gas  and  measured 
its  exponential  decay  constant  (Ts)  by  using  hydrogenation  of 
propylene  with  p-H2  and  subsequent  NMR  detection  at  0.05  T 
employing  a  SLIC  RF  pulse.  The  Tj  and  Ts  measurements  were  car¬ 
ried  out  in  sufficiently  low  magnetic  field  (i.e.,  0.05  T),  where 
methyl  and  methylene  protons  of  HP  propane  molecules  are 
strongly  coupled  via  three-bond  spin-spin  coupling  ^hh-  SLIC 
allows  converting  typically  non-observable  nuclear  spin  order  of 
p-H2-derived  pseudo-singlet  state  of  HP  propane  into  readily 
observable  transverse  magnetization,  and  enables  detecting  ’H 
NMR  signal  directly  at  low  magnetic  field.  The  lifetime  of 
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pseudo-singlet  nuclear  spin  states  of  PHIP-produced  HP  propane  is 
approximately  3  times  greater  than  the  corresponding  Tj  time 
under  the  same  reaction  conditions.  Moreover,  a  Ts  value  of  at  least 
13  s  in  the  gas  phase  is  reported.  These  results  of  a  relatively  long 
decay  constant  and  the  demonstration  of  SLIC  conversion  highlight 
the  great  potential  of  HP  propane  produced  by  PH1P  technique  as 
an  inhalable  gaseous  contrast  agent  for  MRI  of  lungs  (in  the  context 
of  molecular  imaging  immediately  after  inhalation  of  HP  propane 
gas  by  a  patient)  and  for  other  imaging  applications  with  the  use 
of  low-field  MR  instruments. 

Acknowledgments 

We  gratefully  acknowledge  the  financial  support  by  NIH 
1R21EB018014,  1R21EB020323,  and  1F32EB021840,  NSF  CHE- 
1416268  and  CHE-1416432,  DOD  CDMRP  W81XWH-12-1-0159/ 
BC112431,  W81XWH-1 5-1 -0271  and  W81XWH-15-1-0272.  The 
Russian  team  thanks  the  Russian  Foundation  for  Basic  Research 
(RFBR,  grant  16-03-00407)  for  financial  support.  D.A.B.  thanks 
Dr.  A.  N.  Pravdivtsev  and  Dr.  K.  L.  Ivanov  for  stimulating  discussions. 

Appendix  A.  Supplementary  material 

Supplementary  data  associated  with  this  article  can  be  found,  in 
the  online  version,  at  http://dx.doi.org/10.1016/jjmr.2017.01.014. 

References 

[1]  B.  Bliimich,  Virtual  special  issue:  magnetic  resonance  at  low  fields,  J.  Magn. 
Reson.  274  (2017)  145-147. 

[2]  P.  Nikolaou,  B.  Goodson,  E.  Chekmenev,  NMR  hyperpolarization  techniques  for 
biomedicine,  Chem.  Eur.  J.  21  (2015)  3156-3166. 

[3]  M.  Suefke,  A.  Liebisch,  B.  Blumich,  S.  Appelt,  External  high-quality-factor 
resonator  tunes  up  nuclear  magnetic  resonance,  Nat.  Phys.  11  (2015)  767-771. 

[4]  A.  Coffey,  M.  Truong,  E.  Chekmenev,  Low-field  MRI  can  be  more  sensitive  than 
high-field  MRI.J.  Magn.  Reson.  237  (2013)  169-174. 

[5]  M.  Levitt,  Singlet  nuclear  magnetic  resonance,  Annu.  Rev.  Phys.  Chem.  63 
(2012)  89-105. 

[6]  M.  Carravetta,  O.G.  Johannessen,  M.H.  Levitt,  Beyond  the  75  limit:  singlet 
nuclear  spin  states  in  low  magnetic  fields,  Phys.  Rev.  Lett.  92  (2004)  153003. 

[7]  M.  Carravetta,  M.H.  Levitt,  Theory  of  long-lived  nuclear  spin  states  in  solution 
nuclear  magnetic  resonance.  I.  Singlet  states  in  low  magnetic  field,  J.  Chem. 
Phys.  122  (2005)  214505. 

[8]  G.  Pileio,  M.  Carravetta,  E.  Hughes,  M.H.  Levitt,  The  long-lived  nuclear  singlet 
state  of  15N-nitrous  oxide  in  solution,  J.  Am.  Chem.  Soc.  130  (2008)  12582- 
12583. 

[9]  G.  Pileio,  M.  Carravetta,  M.H.  Levitt,  Storage  of  nuclear  magnetization  as  long- 
lived  singlet  order  in  low  magnetic  field,  Proc.  Natl.  Acad.  Sci.  U.S.A.  107  (2010) 
17135-17139. 

[10]  T.  Theis,  G.X.  Ortiz,  A.W.  Logan,  K.E.  Claytor,  Y.  Feng,  W.P.  Huhn,  V.  Blum,  S.J. 
Malcolmson,  E.Y.  Chekmenev,  Q.  Wang,  Direct  and  cost-efficient 
hyperpolarization  of  long-lived  nuclear  spin  states  on  universal  15N2- 
diazirine  molecular  tags,  Sci.  Adv.  2  (2016)  el  501438. 

[11]  P.  Vasos,  A.  Comment,  R.  Sarkar,  P.  Ahuja,  S.  Jannin,  J.-P.  Ansermet,  J.  Konter,  P. 
Hautle,  B.  Van  den  Brandt,  G.  Bodenhausen,  Long-lived  states  to  sustain 
hyperpolarized  magnetization,  Proc.  Natl.  Acad.  Sci.  U.S.A.  106  (2009)  18469- 
18473. 

[12]  W.  Warren,  E.  Jenista,  R.  Branca,  X.  Chen,  Increasing  hyperpolarized  spin 
lifetimes  through  true  singlet  eigenstates,  Science  323  (2009)  1711-1714. 

[13]  S.S.  Roy,  P.  Norcott,  P.J.  Raynern,  G.G.R.  Green,  S.B.  Duckett,  A  hyperpolarizable 
1H  magnetic  resonance  probe  for  signal  detection  15  minutes  after  spin 
polarization  storage,  Angew.  Chem.  Int.  Ed.  55  (2017)  15642-15645. 

[14]  S.  Patz,  I.  Muradian,  M.I.  Hrovat,  I.C.  Ruset,  G.  Topulos,  S.D.  Covrig,  E.  Frederick, 
H.  Hatabu,  F.  Hersman,  J.P.  Butler,  Human  pulmonary  imaging  and 
spectroscopy  with  hyperpolarized  129Xe  at  0.2  T,  Acad.  Radiol.  15  (2008) 
713-727. 

[15]  J.  Parra-Robles,  A.R.  Cross,  G.E.  Santyr,  Theoretical  signal-to-noise  ratio  and 
spatial  resolution  dependence  on  the  magnetic  field  strength  for 
hyperpolarized  noble  gas  magnetic  resonance  imaging  of  human  lungs,  Med. 
Phys.  32  (2005)  221-229. 

[16]  W.  Dominguez-Viqueira,  J.  Parra-Robles,  M.  Fox,  W.B.  Handler,  B.A.  Chronik,  G. 
E.  Santyr,  A  variable  field  strength  system  for  hyperpolarized  noble  gas  MR 
imaging  of  rodent  lungs,  Concepts  Magn.  Reson.  B  33  (2008)  124-137. 

[17]  L.  Tsai,  R.  Mair,  M.  Rosen,  S.  Patz,  R.  Walsworth,  An  open-access,  very-low-field 
MRI  system  for  posture-dependent  3He  human  lung  imaging,  J.  Magn.  Reson. 
193 (2008) 274-285. 


[18]  A.  Coffey,  R.  Shchepin,  M.  Truong,  K.  Wilkens,  W.  Pham,  E.  Chekmenev,  An 
open-source  automated  parahydrogen  hyperpolarizer  for  molecular  imaging 
using  13C  metabolic  contrast  agents,  Anal.  Chem.  88  (2016)  8279-8288. 

[19]  M.  Hayden,  C.  Bidinosti,  E.  Chappie,  Specific  absorption  rates  and  signal-to- 
noise  ratio  limitations  for  MRI  in  very-low  magnetic  fields,  Concepts.  Magn. 
Reson.  201  (40A)  (2012)  281-294. 

[20]  C.  Bowers,  D.  Weitekamp,  Parahydrogen  and  synthesis  allow  dramatically 
enhanced  nuclear  alignment,  J.  Am.  Chem.  Soc.  109  (1987)  5541-5542. 

[21]  M.G.  Pravica,  D.P.  Weitekamp,  Net  NMR  alignment  by  adiabatic  transport  of 
parahydrogen  addition  products  to  high  magnetic  field,  Chem.  Phys.  Lett.  145 
(1988) 255-258. 

[22]  J.  Natterer,  J.  Bargon,  Parahydrogen  induced  polarization,  Prog.  Nucl.  Magn. 
Reson.  Spectrosc.  31  (1997)  293-315. 

[23]  R.  Adams,  J.  Aguilar,  K.  Atkinson,  M.  Cowley,  P.  Elliott,  S.  Duckett,  G.  Green,  I. 
Khazal,  J.  Lopez-Serrano,  D.  Williamson,  Reversible  interactions  with  para¬ 
hydrogen  enhance  NMR  sensitivity  by  polarization  transfer,  Science  323  (2009) 
1708-1711. 

[24]  J.  Hovener,  N.  Schwaderlapp,  T.  Lickert,  S.  Duckett,  R.  Mewis,  L.  Highton,  S. 
Kenny,  G.  Green,  D.  Leibfritz,  J.  Korvink,  et  al.,  A  hyperpolarized  equilibrium  for 
magnetic  resonance,  Nat.  Commun.  4  (2013)  2946. 

[25]  D.  Barskiy,  K.  Kovtunov,  I.  Koptyug,  P.  He,  K.  Groome,  Q.  Best,  F.  Shi,  B.  Goodson,  R. 
Shchepin,  M.  Truong,  et  al.,  In  situ  and  ex  situ  low-field  NMR  spectroscopy  and  MRI 
endowed  by  SABRE  hyperpolarization,  ChemPhysChem  15  (2014)  4100-4107. 

[26]  V.V.  Zhivonitko,  I.V.  Skovpin,  I.V.  Koptyug,  Strong  31 P  nuclear  spin 
hyperpolarization  produced  via  reversible  chemical  interaction  with 
parahydrogen,  Chem.  Commun.  51  (2015)  2506-2509. 

[27]  M.  Truong,  T.  Theis,  A.  Coffey,  R.  Shchepin,  K.  Waddell,  F.  Shi,  B.  Goodson,  W. 
Warren,  E.  Chekmenev,  15N  hyperpolarization  by  reversible  exchange  using 
SABRE-SHEATH,  J.  Phys.  Chem.  C  119  (2015)  8786-8797. 

[28]  D.A.  Barskiy,  R.V.  Shchepin,  A.M.  Coffey,  T.  Theis,  W.S.  Warren,  B.M.  Goodson,  E. 
Y.  Chekmenev,  Over  20%  15N  hyperpolarization  in  under  one  minute  for 
metronidazole,  an  antibiotic  and  hypoxia  probe,  J.  Am.  Chem.  Soc.  138  (2016) 
8080-8083. 

[29]  J.  Ardenkjaer-Larsen,  B.  Fridlund,  A.  Gram,  G.  Hansson,  L.  Hansson,  M.  Lerche,  R. 
Servin,  M.  Thaning,  K.  Golman,  Increase  in  signal-to-noise  ratio  of  >10,000 
times  in  liquid-state  NMR,  Proc.  Natl.  Acad.  Sci.  U.S.A.  1 00  (2003 )  1 01 58-101 63. 

[30]  J.  Ardenkjaer-Larsen,  On  the  present  and  future  of  dissolution-DNP,  J.  Magn. 
Reson.  264  (2016)3-12. 

[31]  D.A.  Barskiy,  A.M.  Coffey,  P.  Nikolaou,  D.M.  Mikhaylov,  B.M.  Goodson,  R.T. 
Branca,  G.J.  Lu,  M.G.  Shapiro,  V.-V.  Telkki,  V.V.  Zhivonitko,  et  al.,  NMR 
hyperpolarization  techniques  of  gases,  Chem.  Eur.  J.  23  (2017)  725-751. 

[32]  J.  Ardenkjaer-Larsen,  G.  Boebinger,  A.  Comment,  S.  Duckett,  A.  Edison,  F. 
Engelke,  C.  Griesinger,  R.  Griffin,  C.  Hilty,  H.  Maeda,  et  al.,  Facing  and 
overcoming  sensitivity  challenges  in  biomolecular  NMR  spectroscopy,  Angew. 
Chem.  Int.  Ed.  54  (2015)  9162-9185. 

[33]  M.C.  Tayler,  I.  Marco-Rius,  M.I.  Kettunen,  K.M.  Brindle,  M.H.  Levitt,  G.  Pileio, 
Direct  enhancement  of  nuclear  singlet  order  by  dynamic  nuclear  polarization, 
J.  Am.  Chem.  Soc.  134  (2012)  7668-7671. 

[34]  I.  Marco-Rius,  M.  Tayler,  M.  Kettunen,  T.  Larkin,  K.  Timm,  E.  Serrao,  T. 
Rodrigues,  G.  Pileio,  J.  Ardenkjaer-Larsen,  M.  Levitt,  et  al.,  Hyperpolarized 
singlet  lifetimes  of  pyruvate  in  human  blood  and  in  the  mouse,  NMR  Biomed. 
26 (2013) 1696-1704. 

[35]  D.A.  Barskiy,  O.G.  Salnikov,  R.V.  Shchepin,  M.  Feldman,  A.M.  Coffey,  K.V. 
Kovtunov,  I.V.  Koptyug,  E.Y.  Chekmenev,  NMR  SLIC  sensing  of  hydrogenation 
reactions  using  parahydrogen  in  low  magnetic  fields,  J.  Phys.  Chem.  C  120 
(2016) 29098-29106. 

[36]  C.  Bowers,  D.  Weitekamp,  Transformation  of  symmetrization  order  to  nuclear 
spin  magnetization  by  chemical  reaction  and  nuclear  magnetic  resonance, 
Phys.  Rev.  Lett.  57  (1986)  2645-2648. 

[37]  E.  Vinogradov,  A.K.  Grant,  Hyperpolarized  long-lived  states  in  solution  NMR: 
three-spin  case  study  in  low  field,  J.  Magn.  Reson.  194  (2008)  46-57. 

[38]  M.  Tayler,  M.  Levitt,  Singlet  nuclear  magnetic  resonance  of  nearly-equivalent 
spins,  Phys.  Chem.  Chem.  Phys.  13  (2011)  5556-5560. 

[39]  S.  DeVience,  R.  Walsworth,  M.  Rosen,  Preparation  of  nuclear  spin  singlet  states 
using  spin-lock  induced  crossing,  Phys.  Rev.  Lett.  Ill  (2013)  173002. 

[40]  T.  Theis,  Y.  Feng,  T.-L.  Wu,  W.S.  Warren,  Composite  and  shaped  pulses  for 
efficient  and  robust  pumping  of  disconnected  eigenstates  in  magnetic 
resonance,  J.  Chem.  Phys.  140  (2014)  014201. 

[41]  A.N.  Pravdivtsev,  A.S.  Kiryutin,  A.V.  Yurkovskaya,  H.-M.  Vieth,  K.L.  Ivanov, 
Robust  conversion  of  singlet  spin  order  in  coupled  spin-1 /2  pairs  by 
adiabatically  ramped  RF-fields,  J.  Magn.  Reson.  273  (2016)  56-64. 

[42]  K.  Kovtunov,  M.  Truong,  D.  Barskiy,  1.  Koptyug,  A.  Coffey,  K.  Waddell,  E. 
Chekmenev,  Long-lived  spin  states  for  low-field  hyperpolarized  gas  MRI, 
Chem.  Eur.  J.  20  (2014)  14629-14632. 

[43]  E.  Vinogradov,  A.K.  Grant,  Long-lived  states  in  solution  NMR:  selection  rules 
for  intramolecular  dipolar  relaxation  in  low  magnetic  fields,  J.  Magn.  Reson. 
188  (2007)  176-182. 

[44]  H.  Gutowsky,  I.  Lawrenson,  K.  Shimomura,  Nuclear  magnetic  spin-lattice 
relaxation  by  spin-rotational  interactions,  Phys.  Rev.  Lett.  6  (1961)  349-351. 

[45]  M.  Bloom,  M.  Lipsicas,  B.  Muller,  Proton  spin-lattice  relaxation  in  polyatomic 
gases,  Can.  J.  Phys.  39  (1961)  1093-1109. 

[46]  J.-N.  Dumez,  P.  Hakansson,  S.  Mamone,  B.  Meier,  G.  Stevanato,  J.T.  Hill-Cousins, 
S.S.  Roy,  R.C.  Brown,  G.  Pileio,  M.H.  Levitt,  Theory  of  long-lived  nuclear  spin 
states  in  methyl  groups  and  quantum-rotor  induced  polarisation,  J.  Chem. 
Phys.  142  (2015)  044506. 


D.A.  Barskiy  et  al. /Journal  of  Magnetic  Resonance  276  (2017)  78-85 


85 


[47]  A.K.  Grant,  E.  Vinogradov,  Long-lived  states  in  solution  NMR:  theoretical 
examples  in  three-and  four-spin  systems,  J.  Magn.  Reson.  193  (2008)  177-190. 

[48]  G.  Stevanato,  S.S.  Roy,  J.  Hill-Cousins,  I.  Kuprov,  L.J.  Brown,  R.C.  Brown,  G.  Pileio, 
M.H.  Levitt,  Long-lived  nuclear  spin  states  far  from  magnetic  equivalence, 
Phys.  Chem.  Chem.  Phys.  17  (2015)  5913-5922. 

[49]  P.  Ahuja,  R.  Sarkar,  P.R.  Vasos,  G.  Bodenhausen,  Long-lived  states  in  multiple- 
spin  systems,  ChemPhysChem  10  (2009)  2217-2220. 

[50]  G.  Pileio,  M.  Concistre,  M.  Carravetta,  M.H.  Levitt,  Long-lived  nuclear  spin 
states  in  the  solution  NMR  of  four-spin  systems,  J.  Magn.  Reson.  182  (2006) 
353-357. 

[51]  S.  DeVience,  R.  Walsworth,  M.  Rosen,  Probing  Scalar  Coupling  Differences  via 
Long-Lived  Singlet  States,  J.  Magn.  Reson.  262  (2016)  42-49. 

[52]  K.  Kovtunov,  D.  Barskiy,  A.  Coffey,  M.  Truong,  O.  Salnikov,  A.  Khudorozhkov,  E. 
Inozemtseva,  I.  Prosvirin,  V.  Bukhtiyarov,  K.  Waddell,  et  al.,  High-resolution  3D 
proton  MRI  of  hyperpolarized  gas  enabled  by  parahydrogen  and  Rh/Ti02 
heterogeneous  catalyst,  Chem.  Eur.  J.  20  (2014)  11636-11639. 

[53]  K.  Kovtunov,  V.  Zhivonitko,  I.  Skovpin,  D.  Barskiy,  I.  Koptyug,  Parahydrogen- 
induced  polarization  in  heterogeneous  catalytic  processes,  Top.  Curr.  Chem. 
338  (2013)  123-180. 

[54]  K.  Waddell,  A.  Coffey,  E.  Chekmenev,  In  situ  detection  of  PHIP  at  48  mT: 
demonstration  using  a  centrally  controlled  polarizer,  J.  Am.  Chem.  Soc.  133 
(2011)  97-101. 

[55]  A.  Coffey,  R.  Shchepin,  K.  Wilkens,  K.  Waddell,  E.  Chekmenev,  A  large  volume 
double  channel  H-l-X  RF  probe  for  hyperpolarized  magnetic  resonance  at 
0.0475  T,  J.  Magn.  Reson.  220  (2012)  94-101. 

[56]  K.  Kovtunov,  D.  Barskiy,  R.  Shchepin,  A.  Coffey,  K.  Waddell,  I.  Koptyug,  E. 
Chekmenev,  Demonstration  of  heterogeneous  parahydrogen  induced 
polarization  using  hyperpolarized  agent  migration  from  dissolved  Rh(I) 
complex  to  gas  phase.  Anal.  Chem.  86  (2014)  6192-6196. 

[57]  L.  Buljubasich,  M.  Franzoni,  H.W.  Spiess,  K.  Miinnemann,  Level  anti-crossings 
in  ParaHydrogen  induced  polarization  experiments  with  Cs-symmetric 
molecules,  J.  Magn.  Reson.  219  (2012)  33-40. 

[58]  M.C.  Tayler,  M.H.  Levitt,  Accessing  long-lived  nuclear  spin  order  by  isotope- 
induced  symmetry  breaking,  J.  Am.  Chem.  Soc.  135  (2013)  2120-2123. 

[59]  K.  Kovtunov,  M.  Truong,  D.  Barskiy,  O.  Salnikov,  V.  Bukhtiyarov,  A.  Coffey,  K. 
Waddell,  I.  Koptyug,  E.  Chekmenev,  Propane-d6  heterogeneously 
hyperpolarized  by  parahydrogen,  J.  Phys.  Chem.  C  118  (2014)  28234-28243. 

[60]  S.J.  DeVience,  Nuclear  magnetic  resonance  with  spin  singlet  states  and 
nitrogen  vacancy  centers  in  diamond  (Doctoral  dissertation),  2014. 

[61]  G.C.  Bond,  Metal-Catalysed  Reactions  of  Hydrocarbons,  Springer,  US,  New 
York,  2005. 

[62]  O.  Salnikov,  K.  Kovtunov,  D.  Barskiy,  V.  Bukhtiyarov,  R.  Kaptein,  1.  Koptyug, 
Kinetic  study  of  propylene  hydrogenation  over  Pt/Al203  by  parahydrogen- 
induced  polarization,  Appl.  Magn.  Reson.  44  (2013)  279-288. 


[63]  D.  Barskiy,  O.  Salnikov,  K.  Kovtunov,  I.  Koptyug,  NMR  signal  enhancement  for 
hyperpolarized  fluids  continuously  generated  in  hydrogenation  reactions  with 
parahydrogen,  J.  Phys.  Chem.  A  119  (2015)  996-1006. 

[64]  M.E.  Davis,  R.J.  Davis,  Fundamentals  of  Chemical  Reaction  Engineering,  Courier 
Corporation,  2012. 

[65]  R.  Zhou,  E.  Zhao,  W.  Cheng,  L.  Neal,  H.  Zheng,  R.  Quinones,  H.  Hagelin-Weaver, 
C.  Bowers,  Parahydrogen-induced  polarization  by  pairwise  replacement 
catalysis  on  Pt  and  Ir  nanoparticles,  J.  Am.  Chem.  Soc.  137  (2015)  1938-1946. 

[66]  R.  Zhou,  W.  Cheng,  L.  Neal,  E.  Zhao,  K.  Ludden,  H.  Hagelin-Weaver,  C.  Bowers, 
Parahydrogen  enhanced  NMR  reveals  correlations  in  selective  hydrogenation 
of  triple  bonds  over  supported  Pt  catalyst,  Phys.  Chem.  Chem.  Phys.  17  (2015) 
26121-26129. 

[67]  E.  Zhao,  H.  Zheng,  K.  Ludden,  Y.  Xin,  H.  Hagelin-Weaver,  C.  Bowers,  Strong 
metal-support  interactions  enhance  the  pairwise  selectivity  of  parahydrogen 
addition  over  Ir/Ti02,  ACS  Catal.  6  (2016)  974-978. 

[68]  D.O.  Kuethe,  A.  Caprihan,  E.  Fukushima,  R.A.  Waggoner,  Imaging  lungs  using 
inert  fluorinated  gases,  Magn.  Reson.  Med.  39  (1998)  85-88. 

[69]  D.O.  Kuethe,  A.  Caprihan,  H.M.  Gach,  I.J.  Lowe,  E.  Fukushima,  Imaging 
obstructed  ventilation  with  NMR  using  inert  fluorinated  gases,  J.  Appl. 
Physiol.  88  (2000)  2279-2286. 

[70]  B.  Goodson,  Nuclear  magnetic  resonance  of  laser-polarized  noble  gases  in 
molecules,  materials,  and  organisms,  J.  Magn.  Reson.  155  (2002)  157-216. 

[71]  D.M.  Lilburn,  G.E.  Pavlovskaya,  T.  Meersmann,  Perspectives  of  hyperpolarized 
noble  gas  MRI  beyond  3He,  J.  Magn.  Reson.  229  (2013)  173-186. 

[72]  B.  Vuichoud,  E.  Canet,  J.  Milani,  A.  Bornet,  D.  Baudouin,  L.  Veyre,  D.  Gajan,  L. 
Emsley,  A.  Lesage,  C.  Coperet,  et  al.,  Hyperpolarization  of  frozen  hydrocarbon 
gases  by  dynamic  nuclear  polarization  at  1.2  K,  J.  Phys.  Chem.  Lett.  7  (2016) 
3235-3239. 

[73]  P.  Nikolaou,  A.  Coffey,  L.  Walkup,  B.  Gust,  N.  Whiting,  H.  Newton,  S.  Barcus,  I. 
Muradyan,  M.  Dabaghyan,  G.  Moroz,  et  al.,  Near-unity  nuclear  polarization 
with  an  open-source  Xe-129  hyperpolarizer  for  NMR  and  MRI,  Proc.  Natl.  Acad. 
Sci.  U.S.A.  110  (2013)  14150-14155. 

[74]  P.  Nikolaou,  A.  Coffey,  K.  Ranta,  L.  Walkup,  B.  Gust,  M.  Barlow,  M.  Rosen,  B. 
Goodson,  E.  Chekmenev,  Multidimensional  mapping  of  spin-exchange  optical 
pumping  in  clinical-scale  batch-mode  129Xe  hyperpolarizers,  J.  Phys.  Chem.  B 
118  (2014)4809-4816. 

[75]  M.S.  Freeman,  K.  Emami,  B.  Driehuys,  Characterizing  and  modeling  the 
efficiency  limits  in  large-scale  production  of  hyperpolarized  129Xe,  Phys.  Rev. 
A  90  (2014)  023406. 

[76]  O.G.  Salnikov,  D.A.  Barskiy,  A.M.  Coffey,  K.V.  Kovtunov,  I.V.  Koptyug,  E.Y. 
Chekmenev,  Efficient  batch-mode  parahydrogen-induced  polarization  of 
propane,  ChemPhysChem  17  (2016)  3395-3398. 


Article 


pubs.acs.org/JPCC 


Extending  the  Lifetime  of  Hyperpolarized  Propane  Gas  through 
Reversible  Dissolution 

Dudari  B.  Buraeva/  Alexey  S.  Romanov/  Oleg  G.  Salnikov/  ' :  Vladimir  V.  Zhivonitko/ 

Yu-Wen  Chen/  Danila  A.  Barskiy^ *  1  Eduard  Y.  ChekmenevJ 1  Dennis  W.  Hwang/ 

Kirill  V.  Kovtunov,*'  ’  and  Igor  V.  Koptyug  :  ® 

International  Tomography  Center  SB  RAS,  3A  Institutskaya  Street,  630090  Novosibirsk,  Russia 
"^Novosibirsk  State  University,  2  Pirogova  Street,  630090  Novosibirsk,  Russia 

^Department  of  Chemistry  and  Biochemistry,  National  Chung  Cheng  University,  168  University  Road,  Min-Hsiung,  Chiayi  62102, 
Taiwan 

^Department  of  Radiology,  Vanderbilt  University  Institute  of  Imaging  Science  (VUIIS),  1161  21st  Avenue  South,  Medical  Center 
North,  AA-1105,  Nashville,  Tennessee  37232-2310,  United  States 

■"“Department  of  Biomedical  Engineering  and  Physics,  Vanderbilt-Ingram  Cancer  Center  (VICC),  1301  Medical  Center  Drive, 
Nashville,  Tennessee  37232-2310,  United  States 

#Russian  Academy  of  Sciences,  14  Leninskiy  Prospekt,  119991  Moscow,  Russia 
G  Supporting  Information 

ABSTRACT:  Hyperpolarized  (HP)  propane  produced  by  the 
parahydrogen-induced  polarization  (PHIP)  technique  has 
been  recently  introduced  as  a  promising  contrast  agent  for 
functional  lung  magnetic  resonance  (MR)  imaging.  However, 
its  short  lifetime  due  to  a  spin— lattice  relaxation  time  T1  of  less 
than  1  s  in  the  gas  phase  is  a  significant  translational  challenge 
for  its  potential  biomedical  applications.  The  previously 
demonstrated  approach  for  extending  the  lifetime  of  the  HP 
propane  state  through  long-lived  spin  states  allows  the  HP 
propane  lifetime  to  be  increased  by  a  factor  of  ~3.  Here,  we 
demonstrate  that  a  remarkable  increase  in  the  propane 
hyperpolarization  decay  time  at  high  magnetic  field  (7.1  T) 
can  be  achieved  by  its  dissolution  in  deuterated  organic 
solvents  (acetone-d6  or  methanol-d4).  The  approximate  values 
of  the  HP  decay  time  for  propane  dissolved  in  acetone-d6  are  35.1  and  28.6  s  for  the  CH2  group  and  the  CH3  group,  respectively 
(similar  values  were  obtained  for  propane  dissolved  in  methanol-d4),  which  are  ~50  times  larger  than  the  gaseous  propane  T, 
value.  Furthermore,  we  show  that  it  is  possible  to  retrieve  HP  propane  from  solution  to  the  gas  phase  with  the  preservation  of 
hyperpolarization. 
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■  INTRODUCTION 

Lung  diseases  have  remained  one  of  the  major  causes  of  human 
death  during  the  past  several  decades.  In  particular,  the  most 
common  lung  disease  is  chronic  obstructive  pulmonary  disease, 
which  is  responsible  for  ~2.75  million  deaths  annually 
according  to  the  Global  Burden  of  Disease  estimates.1 
Currently,  the  chest  radiography  and  X-ray  computed 
tomography  (CT)  methods  find  wide  practical  application  for 
functional  lung  imaging."  Nevertheless,  magnetic  resonance 
imaging  (MRI)  might  be  attractive  for  pulmonary  visualization, 
which,  unlike  CT,  does  not  suffer  from  limitations  caused  by 
maximum  permissible  radiation  doses.  However,  despite  the 
widespread  application  of  MRI  in  daily  medical  practice, 
pulmonary  MRI  is  still  challenging.  In  brief,  problems  with  lung 
MR  imaging  can  be  divided  into  two  groups:  (a)  problems 
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related  to  the  nature  of  lung  tissue  (fast  signal  decay  due  to  the 
magnetic  susceptibility  differences  at  air— tissue  interfaces  '  and 
loss  of  signal  related  to  respiratory  motion)  and  (b)  problems 
related  to  the  inherent  properties  of  gas,  namely,  a  low  proton 
density  and  the  resulting  low  signal-to-noise  ratio.  With  regard 
to  the  first  point,  recent  improvements  in  MRI  technology  have 
addressed  these  issues. 

First,  these  problems  can  be  addressed  by  using  fast  single¬ 
shot  imaging  with  very  short  acquisition  times.  For  this 
purpose,  different  pulse  sequences  such  as  steady-state  free 
precession  (SSFP)  or  half-Fourier  acquisition  single-shot  turbo 
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spin-echo  (HASTE)  sequences  have  been  employed.4  Through 
the  use  of  ultrafast  MRI  sequences,  subsecond  image 
acquisition  can  be  achieved.  The  second  approach,  based  on 
the  respiratory  triggering/ gating' of  fast  spin-echo  sequences, 
increases  the  acquisition  time  but  provides  better  spatial 
resolution. 

Promising  opportunities  are  revealed  by  a  new  rapidly 
developing  sampling  method  in  MRI:  compressed  sensing  _ 
or  sparse  MRI.  It  is  claimed  that,  if  the  sampling  grid  of  k- space 
is  randomized,  then  the  image  of  an  object  that  is  sampled 
below  the  Nyquist  criterion  can  be  recovered  to  the  original 
quality  by  using  a  sparsifying  nonlinear  transform  that  is  built 
by  the  minimization  of  the  13  norm  of  the  image  data.  This 
method  was  successfully  applied  for  in  vivo  three-dimensional 
magnetic  resonance  spectroscopic  imaging  (MRSI)  experi¬ 
ments  1,12  with  the  t—kx—ky  undersampling  technique  demon¬ 
strating  significant  reduction  of  the  acquisition  time. 

Nevertheless,  the  low  signal-to-noise  ratio  of  proton  nuclear 
magnetic  resonance  (3H  NMR)  spectroscopy  remains  the  main 
challenge  for  lung  MRI.  The  most  efficient  way  to 
significantly  improve  sensitivity  in  pulmonary  MRI  is  to  use 
contrast  agents  with  nonequilibrium  nuclear  spin  polarization 
or  hyperpolarization.1 1,14  The  first  approach  for  the  hyper¬ 
polarization  of  gases  is  the  spin-exchange  optical  pumping 
(SEOP)1’  of  129Xe  or  3He,  which  enables  signal  enhancement 
by  5  orders  of  magnitude.1  The  possibility  of  using  HP  noble 
gases  (129Xe  and  3He)  for  MRI  has  been  widely  explored.1  In 
fact,  currently,  HP  noble-gas  MRI  is  approved  for  use  as  a 
clinical  research  imaging  modality  for  patients  with  pulmonary 
disease.1  However,  despite  these  promising  results,  the 
widespread  application  of  HP  noble  gases  in  pulmonary  MR 
imaging  seems  exceedingly  complex  because  of  the  requirement 
of  having  heteronuclear  radio-frequency  (rf)  channels  and  rf 
probes,  which  are  not  included  in  standard  equipment  in 
commercially  available  MRI  scanners. 

Therefore,  the  development  of  gaseous  contrast  agents  for 
MR  imaging  with  proton  detection  is  highly  desired.  The 
easiest  way  to  obtain  proton-hyperpolarized  ^ases  is  to  use 
parahydrogen-induced  polarization  (PHIP).1  1  PHIP  is  based 
on  the  generation  of  nonequilibrium  magnetization  through  the 
use  of  parahydrogen,  the  spin  isomer  of  the  hydrogen  molecule 
with  zero  nuclear  spin.  Parahydrogen  itself  cannot  be  detected 
by  NMR  spectroscopy  because  of  its  zero  nuclear  spin,  so  to 
obtain  observable  nonequilibrium  magnetization,  it  is  necessary 
to  break  the  symmetry  of  the  parahydrogen  molecule,  for 
example,  through  the  use  of  a  hydrogenation  reaction.'1  If  both 
atoms  from  a  parahydrogen  molecule  are  added  to  the  same 
substrate  molecule  (pairwise  hydrogen  addition)  and  their 
positions  in  the  product  molecule  are  magnetically  non¬ 
equivalent,  the  NMR  signals  of  such  product  molecule  become 
significantly  enhanced  (in  theory,  up  to  ~104—  lt^-fold).1 ' 

The  first  demonstration  of  the  in  vivo  use  of  an  HP  contrast 
agent  produced  by  the  PHIP  technique  was  a  13C  MR 
angiography  study  published  in  2001.  Despite  its  several 
shortcomings  (e.g.,  the  presence  of  a  toxic  metal  complex  used 
as  a  homogeneous  hydrogenation  catalyst,  the  use  of  an  organic 
solvent,  and  13C  MRI  acquisition),  this  work  served  as  a  catalyst 
for  a  large  number  of  studies  devoted  to  the  development  of  the 
PHIP  technique  for  MR  imaging22  "  through  the  use  of  HP 
contrast  agents  in  solution.  The  pioneering  works'  ’~4  that 
demonstrated  the  production  of  hyperpolarized  gas  (in  that 
case,  propane)  through  the  use  of  PHIP  technique  were  based 
on  the  utilization  of  heterogeneous  hydrogenation  catalysts. 


This  work  motivated  further  research  on  MR  imaging  with  HP 
propane.  Recently,  a  number  of  studies  have  been  conducted 
that  demonstrated  successfully  the  feasibility  of  HP  propane  in 
the  two-dimensional"  -  and  three-dimensional  ’  imaging 
of  various  model  objects. 

However,  despite  the  exciting  results  on  HP  propane 
utilization  in  MR  imaging,  its  biomedical  use  is  complicated 
because  of  the  relatively  short  lifetime  of  hyperpolarization 
governed  by  the  spin— lattice  relaxation  time  Tv  Typically,  T1 
values  are  less  than  1  s  at  standard  temperature  and  pressure.  '1’ 

The  fast  Tl  relaxation  of  gaseous  propane  is  caused  by  the 
spin-rotation  interaction."'  In  a  rapidly  rotating  molecule  (or 
part  of  a  molecule,  such  as  a  methyl  group),  the  local  magnetic 
field  fluctuations  are  generated  by  the  rotational  motion, 
leading  to  fast  T1  relaxation.  The  spin-rotation  relaxation  is 
important  for  nuclei  of  small  molecules  in  the  gas  phase  and  for 
nuclei  in  highly  mobile  environments  in  large  molecules  in 
solution  (e.g.,  protons  of  CH3  groups  in  proteins). 

In  solution,  the  times  of  small  molecules  can  often  be 
increased  by  reducing  the  number  of  protons  by  deuterating  the 
molecule.  However,  for  gases  this  effect  is  quite  small:  for 
example,  the  T1  value  of  the  CHD2  group  of  propane-d6  at  9.4 
T  is  684  ±  27  ms,  whereas  the  T1  value  of  the  CH3  group  of 
propane  is  616  ±  16  ms.  This  is  consistent  with  the 
predominance  of  the  spin-rotataion  mechanism  for  nuclear  spin 
relaxation  in  gaseous  propane. 

Another  possibility  for  slowing  down  the  decay  of  hyper¬ 
polarization  is  to  store  the  molecules  in  a  slowly  relaxing  singlet 
state  (called  a  long-lived  spin  state,  or  LLSS).39-41  The 
lifetime-limiting  factors  of  singlet-state  relaxations  were 
investigated  recently.4'’4’  Furthermore,  a  relatively  long 
hyperpolarization  lifetime,  TLLSS,  was  achieved  for  HP 
propane-d6  (~6.0  s)38  and  for  HP  propane  (4.7—13.1  s)34,44 
at  low  magnetic  fields. 

Therefore,  this  work  logically  follows  from  a  number  of  our 
previous  studies’1’'4'’4  that  concentrated  on  the  development 
of  *H  magnetic  resonance  imaging  of  propane,  including 
hyperpolarized  (HP)  propane,  for  potential  application  in 
functional  lung  imaging.  Here,  we  address  the  issue  of  the  short 
lifetime  of  HP  propane  and  demonstrate  that  it  is  possible  to 
extend  the  lifetime  of  the  hyperpolarized  state  of  propane  at 
high  magnetic  fields  by  dissolving  the  propane  in  organic 
solvents.  We  found  that  the  estimated  values  of  hyper¬ 
polarization  decay  times  for  propane  are  35.1  and  28.6  s  for 
the  CH2  group  and  the  CH3  group,  respectively,  which  are 
about  1—2  orders  of  magnitude  greater  than  the  Tl  times  for 
gaseous  propane."’4 

■  MATERIALS  AND  METHODS 

NMR  and  MRI  Experiments.  Commercially  available 
hydrogen,  propylene,  propane,  acetone-d6  (Astrachem, 
99.7%),  and  methanol-d4  (Astrachem,  99.7%)  were  used  as 
received.  Rh/Ti02  catalyst  with  1  wt  %  metal  loading  was 
provided  by  the  group  of  Prof.  V.  I.  Bukhtiyarov  (Boreskov 
Institute  of  Catalysis,  Novosibirsk,  Russia)  and  was  described  in 
detail  elsewhere.  For  the  production  of  hyperpolarized 
propane,  hydrogen  gas  was  first  enriched  with  parahydrogen 
isomer  up  to  50%  by  passing  it  through  an  ortho— para 
conversion  catalyst  FeO(OH)  maintained  at  77  K  (hereinafter, 
the  resultant  hydrogen  gas  is  referred  to  as  p-H2).  The 
propene/p-H2  (l:4)  mixture  was  passed  through  the  Rh/Ti02 
catalyst  held  at  200  °C  to  form  hyperpolarized  propane,  which 
was  supplied  through  a  V16-in.-o.d.  polytetrafluoroethylene 
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(PTFE)  capillary  to  a  10-mm  NMR  tube  located  in  the  NMR 
spectrometer  for  detection  [an  adiabatic  longitudinal  transport 
after  dissociation  engenders  nuclear  alignment  (ALTADE¬ 
NA)40  experiment].  In  the  case  of  dissolution  experiments,  HP 
propane  was  supplied  to  the  bottom  of  the  NMR  tube 
containing  2  mL  of  deuterated  solvent  (acetone-d6  or 
methanol-d4).  The  concentration  of  dissolved  propane  was 
calculated  through  the  use  of  an  internal  standard  method 
(toluene)  and  was  approximately  50  mM.  The  HP  NMR 
spectra  of  liquid  solutions  were  acquired  after  a  rapid 
interruption  of  gas  flow  to  avoid  magnetic  field  inhomogene¬ 
ities  caused  by  bubbles.  The  NMR  spectra  of  liquids  in  thermal 
equilibrium  were  acquired  after  the  complete  relaxation  of 
hyperpolarization  with  the  gas  flow  stopped. 

All  dissolution  experiments  were  carried  out  at  25  °C.  The 
gas  flow  rate  was  varied  from  1.89  to  3.13  mL/s  through  the  use 
of  an  Aalborg  rotameter.  A  scheme  of  the  experimental  setup  is 
presented  in  Figure  SI  (Supporting  Information).  T1  measure¬ 
ments  were  carried  out  using  the  standard  inversion— recovery 
sequence. 

The  extraction  of  dissolved  HP  propane  to  the  gas  phase  was 
carried  out  as  follows:  First,  the  reaction  mixture  was  supplied 
through  the  reactor  with  Rh/Ti02  catalyst  to  an  NMR  tube 
containing  0.5  mL  of  acetone-d6.  The  position  of  the  NMR 
tube  inside  the  NMR  spinner  turbine  was  adjusted  for  the 
detection  of  the  gas  phase  just  above  the  liquid  (Figure  S2). 
Next,  the  displacement  of  HP  propane  from  the  solution  was 
achieved  by  switching  the  flow  of  the  reaction  mixture 
(propene/p-H2)  from  the  catalyst  to  a  bypass  line  using  two 
valves  (Figure  S2).  During  this  experiment,  the  NMR  spectra  of 
the  gas  phase  were  acquired  continuously  through  the  use  of  a 
small-angle  (10°)  rf  excitation  pulse. 

NMR  spectra  were  acquired  on  a  300  MHz  Bruker  AV  300 
NMR  spectrometer.  All  MR  images  were  obtained  on  a  Bruker 
Avance  III  400  MHz  NMR  spectrometer  with  microimaging 
accessories  using  ParaVision  5.1  software  based  on  Bruker 
TopSpin  3.0  and  a  commercial  30-mm  'H/31P  birdcage  rf  coil 
(Bruker).  Before  MRI  experiments  were  conducted  in  Para- 
Vision,  the  magnetic  field  was  shimmed  in  TopSpin  to  provide 
field  homogeneity  for  the  sample  in  a  10-mm  NMR  tube.  The 
fast  low-angle  shot  (FLASH)40  pulse  sequence  was  used  for 
image  acquisition;  the  spectral  bandwidth  was  50  kHz,  and  the 
pulse  angle  was  5°.  The  total  time  of  the  MRI  experiment  was 
1.7  s,  the  echo  time  (TE)  was  14.8  ms,  and  the  repetition  time 
(TR)  was  26.8  ms.  The  field  of  view  (FOV)  was  5X5  cm  for 
the  axial  slice  orientation  and  5X3  cm  for  the  sagittal  plane, 
and  the  slice  thickness  was  equal  to  50  mm  for  both 
experiments.  This  means  that  the  sample  was  projected  onto 
the  XY  and  XZ  planes  for  the  axial  and  sagittal  orientations, 
respectively.  The  matrix  size  was  64  X  64,  so  the  image 
resolution  was  approximately  0.8  X  0.8  mm2  for  the  axial  slice 
orientation  and  0.8  X  0.47  mm2  for  the  sagittal  slice  orientation. 
Because  the  two  polarized  signals  of  propane  have  opposite 
phases  in  ALTADENA  NMR  spectra,40  the  net  integral  is 
approximately  zero.  Therefore,  to  avoid  mutual  cancelation  of 
the  two  signals  in  an  MRI  experiment,  we  used  a  selective 
excitation  rf  pulse  centered  at  the  frequency  of  the 
ALTADENA  peak  of  the  propane  CH3  group. 

■  RESULTS  AND  DISCUSSION 

In  this  article,  we  address  the  issue  of  the  preservation  of 
propane  hyperpolarization  by  its  dissolution  in  deuterated 
organic  solvents.  Gaseous  HP  propane  was  obtained  by  passing 


a  propene/p-H2  gas  mixture  through  a  reactor  with  a  Rh/Ti02 
catalyst  (Figure  l),  which  usually  provides  both  higher  catalytic 
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Figure  1.  (a)  Scheme  of  the  experimental  setup  for  HP  propane 
production,  (b)  Reaction  scheme  of  propene  hydrogenation,  (c) 
ALTADENA  single-scan  1 H  NMR  spectrum  acquired  during  gas- 
phase  hydrogenation  of  propene  with  parahydrogen  over  1  wt  %  Rh/ 
Ti02  catalyst. 


activity  and  higher  PHIP  levels  than  other  heterogeneous 
catalysts.  '  Indeed,  it  was  found  that  utilization  of  the  Rh/TiOz 
catalyst  allows  ~100%  conversion  of  propene  to  be  achieved. 
Also,  as  expected,  pronounced  PHIP  effects  with  characteristic 
line  patterns  in  the  NMR  spectra  were  observed  for  the 
propane  molecule  (Figure  lc),  with  one  line  in  emission  and 
another  in  enhanced  absorption. 

Next,  dissolution  experiments  were  carried  out.  For  this 
purpose,  HP  propane  was  supplied  to  the  bottom  of  the  NMR 
tube  containing  acetone-d6.  As  expected  from  our  previous 
results,4  we  observed  PHIP  effects  for  propane  dissolved  in 
acetone-d6  (Figure  2).  It  should  be  noted  that  the 
concentration  of  dissolved  propane  was  virtually  independent 
of  the  duration  of  bubbling  and  the  average  concentration  was 
equal  to  50  mM.  We  noticed  that  the  hyperpolarization  decay 
for  dissolved  propane  was  significantly  slower  than  for  propane 
in  the  gas  phase.  Therefore,  hyperpolarization  “lifetime” 
measurements  of  dissolved  HP  propane  were  carried  out  by 
recording  ALTADENA  signal  decay  curves  through  the 
acquisition  of  a  set  of  !H  NMR  spectra  at  1-s  intervals  using 
a  small-angle  rf  excitation  pulse  (a  =  10°).  In  a  first 
approximation,  the  influence  of  the  10°  rf  excitation  pulse  on 
the  longitudinal  magnetization  was  neglected.  In  particular, 
correcting  for  the  signal  reduction  caused  by  the  influence  of 
small-angle  rf  pulses  would  result  in  an  increase  in  the 
hyperpolarization  decay  time  (Thp)  for  both  the  CH2  and  CH3 
groups  of  propane;  therefore,  the  values  shown  here  represent 
lower  estimates.  To  confirm  this  conclusion,  the  results  of 
experiments  with  5°  rf  excitation  pulses  are  presented  in  Figure 
S3.  The  hyperpolarization  decay  time  measurements  for 
dissolved  HP  propane  yielded  the  values  Thp(CH2)  -  35.1  ± 
0.1  s  and  Thp(CH3)  =  28.6  ±  0.1  s  (Figure  2d),  which  are  ~50 
times  greater  than  T,  values  for  gaseous  propane  at  the  same 
7.1  T  magnetic  field  (~0.6  s'°).  The  obtained  Thp  values  are  in 
a  good  agreement  with  the  T1  values  obtained  by  the 
inversion— recovery  technique  for  fully  relaxed  dissolved 
propane  (Figure  2e). 
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Figure  2.  (a)  Scheme  showing  the  production  of  dissolved  HP  propane,  (b)  Single-scan  *H  NMR  spectrum  of  dissolved  HP  propane  produced  by 
hydrogenation  of  propene  with  parahydrogen  over  1  wt  %  Rh/Ti02  catalyst  and  subsequent  dissolution  of  HP  propane  in  acetone-d6.  The  signal 
enhancement  was  ~  17-fold,  (c)  Corresponding  *H  NMR  spectrum  of  the  same  solution  as  in  panel  b  acquired  after  complete  relaxation  of 
hyperpolarization,  (d)  ^HP  measurements  for  HP  propane  dissolved  in  acetone-d6  through  the  use  of  10°  rf  pulses,  (e)  7’,  measurements  for 
thermally  polarized  propane  dissolved  in  acetone-d6  by  the  inversion— recovery  sequence. 


A  reference  inversion— recovery  experiment  with  a  concen¬ 
trated  solution  of  propane  in  acetone-d6  at  25  °C  obtained  by 
bubbling  pure  propane  from  a  gas  tank  provided  comparable  T1 
times  for  CH2  (41.8  s)  and  CH3  (35.6  s)  protons  (Figure  S4). 
We  note,  however,  that  the  results  of  inversion— recovery 
measurements  are  strongly  dependent  on  the  presence  of 
dissolved  oxygen,  which  is  paramagnetic,  with  longest  T1  time 
being  obtained  after  a  sufficiently  long  bubbling  (2  min)  of  pure 
propane  through  acetone-d6.  This  resulted  in  the  efficient 
removal  of  oxygen  from  the  solution  and  a  5—6-fold  elongation 
of  T,  times  compared  to  the  Tl  values  obtained  in  the  case  of  a 
short  bubbling  time  (8  s).  Similarly,  bubbling  of  the  reaction 
mixture  in  the  experiments  with  hyperpolarized  propane  served 
to  remove  dissolved  oxygen,  which  is  important  for  obtaining 
the  longest  possible  preservation  of  the  hyperpolarization. 

This  dramatic  elongation  of  the  hyperpolarization  decay  time 
in  the  case  of  dissolved  propane  compared  to  gaseous  propane 
is  most  likely  due  to  the  change  in  the  dominant  relaxation 
mechanism.  This  is  confirmed  by  the  fact  that  the  hyper¬ 
polarization  decay  time  is  in  a  good  agreement  with  the  spin- 
lattice  relaxation  time  in  both  cases.  As  discussed  above,  the 
main  relaxation  mechanism  for  small  molecules  (e.g.,  propane) 
in  the  gas  phase  is  the  spin-rotation  mechanism,415  the 
contribution  of  which  depends  on  the  time  intervals  between 
molecular  collisions.  However,  in  the  liquid  phase,  molecular 
collisions  are  very  frequent,  leading  to  a  dramatic  decrease  of 
the  spin-rotation  channel  of  relaxation.  On  the  other  hand,  in 
solution,  the  dipole— dipole  and  intermolecular  (including 
solute— solvent)  interactions  emerge  as  the  prevailing  mecha¬ 


nism  of  relaxation.  Thus,  such  a  significant  increase  of  the 
relaxation  time  in  solution  is  explained  by  the  changes  in  the 
relaxation  mechanism. 

The  significant  signal  enhancement  obtained  for  dissolved 
HP  propane  allowed  fast  MRI  experiments  to  be  performed 
using  two-dimensional  FLASH  image  acquisition.  Here,  we 
used  the  conventional  FLASH  pulse  sequence  to  acquire  two- 
dimensional  slices  with  a  spatial  resolution  of  0.8  X  0.8  mm2  for 
axial  slice  orientations  and  0.8  X  0.47  mm2  for  sagittal  slice 
orientations  and  a  short  acquisition  time  (~1.7  s).  Note  that 
the  signal  enhancement  obtained  by  the  PHIP  technique  is 
crucial  for  the  *H  FLASH  MRI  of  propane  in  the  liquid  phase. 
The  signal  enhancement  for  HP  propane  versus  thermally 
polarized  propane  allows  for  the  detection  of  images  with  a 
spatial  resolution  that  is  sufficient  to  visualize  a  1/1 6-in.-o.d. 
Teflon  capillary  (Figure  3a).  Thermally  polarized  propane 
imaging  does  not  yield  an  appreciable  signal-to-noise  ratio 
(SNR)  to  detect  MR  images  for  both  slice  orientations  (Figures 
3b  and  S5b). 

Next,  we  aimed  to  determine  the  applicability  of  our 
approach  to  other  deuterated  solvents.  For  this  purpose,  we 
dissolved  HP  propane  in  methanol-d4  (Figure  4).  As  expected, 
strong  PHIP  signals  were  observed  for  dissolved  propane 
(Figure  S6).  The  THP  values  for  propane  dissolved  in  methanol- 
d4  were  estimated  as  34.6  ±  0.3  s  for  the  CH2  group  and  28.3  ± 
0.1  s  for  the  CH3  group  (Figure  4b).  These  values  are  in 
agreement  with  the  T,  values  for  propane  dissolved  in 
methanol-d4  (Figure  4c)  and  the  values  obtained  previously 
for  HP  propane  dissolved  in  acetone-d6.  This  means  that  the 
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Figure  3.  (a)  MR  image  of  a  10-mm  NMR  tube  filled  with  solution  of 
HP  propane  in  acetone-d6  in  axial  orientation.  SNR  =  17.2.  (b) 
Corresponding  MR  image  of  fully  relaxed  solution  shown  in  panel  a. 
The  field  of  view  (FOV)  was  5X5  cm,  with  a  64  X  64  matrix  size  and 
a  slice  thickness  equal  to  the  diameter  of  the  NMR  tube.  The  total 
acquisition  time  was  1.7  s. 


For  potential  applications  of  HP  propane  as  a  contrast  agent 
in  the  MRI  of  lungs,  one  needs  to  retrieve  the  HP  propane 
from  solution  to  the  gas  phase.  Therefore,  we  performed 
experiments  to  confirm  the  viability  of  our  approach.  To  that 
end,  we  adjusted  the  position  of  the  NMR  tube  in  the  rf  probe 
to  acquire  NMR  spectra  of  the  gas  phase  just  above  the  liquid. 
First,  the  propene/p-H2  mixture  was  passed  through  the 
catalyst  layer,  and  the  resulting  mixture  of  HP  propane  and 
residual  p-H2  was  bubbled  through  acetone-d6.  Then,  the  gas 
flow  was  stopped  for  ~1—  2  s,  and  next,  the  propene/p-H2 
mixture  was  bubbled  directly  into  the  acetone-d6  solution, 
bypassing  the  reactor  (see  Figure  S2  for  the  experimental 
setup).  During  all  of  these  procedures,  NMR  spectra  of  the  gas 
phase  were  acquired  continuously  in  1-s  intervals.  Thus,  in  the 
beginning,  we  observed  NMR  signals  of  HP  propane  in  the  gas 
phase;  after  the  interruption  of  the  gas  flow,  the  HP  propane 
gas  above  the  solution  rapidly  relaxed  to  thermal  equilibrium, 
and  after  the  gas  flow  had  been  restarted,  we  observed  NMR 
signals  of  both  HP  propane  and  propene  (Figure  S7).  Thus,  HP 
propane  was  successfully  retrieved  to  the  gas  phase  while 
retaining  a  substantial  degree  of  hyperpolarization.  Conse¬ 
quently,  the  developed  approach  is  a  very  impressive  technique 
for  overcoming  the  lifetime  limitations  of  HP  propane  usage  as 
a  potential  hyperpolarized  contrast  gas  agent  for  biomedical 
MRI  applications  caused  by  its  extremely  short  spin— lattice 
relaxation  time.  Prolongation  of  the  HP  propane  lifetime 
through  its  dissolution,  followed  by  retrieval  of  the  HP  propane 
to  the  gas  phase,  not  only  allows  the  HP  propane  production 
and  MRI  investigations  to  be  separated  in  time  but  also  makes 
these  two  procedures  (HP  gas  production  and  MRI  studies) 
fully  independent.  In  this  way,  the  dissolved  state  can  play  the 
role  of  a  temporary  carrier  for  the  polarization  storage  that 
allows  for  the  transport  of  HP  propane  gas.  Nevertheless, 
further  investigations  are  undoubtedly  needed,  for  example,  to 
optimize  the  conditions  for  maximizing  the  hyperpolarization  in 
both  the  liquid49,40  and  gas41  phases. 

■  CONCLUSIONS 

The  presented  new  approach  based  on  the  dissolution  of  HP 
propane  enables  one  to  preserve  the  hyperpolarization  obtained 
by  the  PHIP  technique  for  ca.  50  times  longer  than  in  the  gas 
phase.  This  phenomenon  can  be  explained  by  the  switching  of 
the  main  contribution  to  the  relaxation  mechanism  from  spin- 
rotation  in  the  gas  phase  to  dipole— dipole  interactions  in  the 
liquid  phase.  Moreover,  we  demonstrated  the  successful 
retrieval  of  dissolved  HP  propane  to  the  gas  phase  with  a 
substantial  retention  of  its  hyperpolarized  state.  We  hope  that 
this  new  approach  to  the  prolongation  of  the  hyperpolarization 
lifetime  can  greatly  expand  the  application  of  HP  propane  as  a 
contrast  agent  in  gas-phase  MR  imaging.  Moreover,  the  future 
development  of  the  reported  approach  might  have  synergism 
with  LLSS  technique  that,  without  doubt,  allows  for  the 
production  of  hyperpolarized  molecules  with  extremely  long 
relaxation  times. 


Figure  4.  (a)  Scheme  showing  the  production  of  dissolved  HP 
propane,  (b)  ^HP  measurements  for  HP  propane  dissolved  in 
methanol-d4  through  the  use  of  10°  rf  pulses,  (c)  T{  measurements 
for  thermally  polarized  propane  dissolved  in  methanol-d4  by  the 
inversion— recovery  sequence. 


observed  prolongation  of  the  dissolved  HP  propane  lifetime  is  a 
common  feature  for  different  deuterated  organic  solvents. 
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How  would  you  describe  to  the  layperson  the  most 
significant  results  of  this  study? 

Over  the  last  20+  years,  physicists  and  chemists  have  been  work¬ 
ing  to  improve  the  measurement  capabilities  of  nuclear  magnetic 
resonance  (NMR)  and  magnetic  resonance  imaging  (MRI)  through 
the  development  of  hyperpolarization  techniques.  Hyperpolariza¬ 
tion  can  increase  the  nuclear  spin  polarization  (i.e.,  the  fractional 
alignment  of  nuclear  spins  with  respect  to  the  quantization  direc¬ 
tion),  by  4-8  orders  of  magnitude,  resulting  in  an  equivalent  gain 
in  the  detectable  NMR  and  MRI  signal.  This  enormous  signal  gain 
enables  measurements  to  be  performed  in  a  few  seconds  that  oth¬ 
erwise  would  take  days,  months,  or  even  longer.  Hyperpolarized 
gases,  unlike  liquids  and  solids,  can  be  readily  separated  and  puri¬ 
fied  from  the  auxiliary  substances  used  to  mediate  the  hyperpolari¬ 
zation  processes.  This  advantage  has  enabled  many  novel  MRI  ap¬ 
plications,  including  the  visualization  of  void  spaces  in  human 
lungs.  Additionally,  hyperpolarized  gases  can  be  dissolved  in  liq¬ 
uids  and  can  be  used  as  sensitive  molecular  probes  and  reporters 
of  metabolic  processes  in  living  organisms. 

What  do  you  consider  the  exciting  developments  in  the 
field? 

Several  advances  in  physics,  chemistry,  and  engineering  over  the 
past  ten  years  have  led  to  significant  improvement  in  the  produc¬ 
tion  of  hyperpolarized  gases.  First,  it  has  become  possible  to  rapid¬ 
ly  produce  larger  quantities  of  the  hyperpolarized  noble  gas  129Xe, 
upwards  of  several  liters  per  hour.  Second,  the  efficiency  of  this 
technology  has  improved,  allowing  polarizations  approaching  the 
theoretical  limit  of  unity,  that  is,  nearly  complete  alignment  of  nu¬ 
clear  spins  with  respect  to  the  magnetic  field.  Third,  the  unique 
properties  of  hyperpolarized  noble  gases  have  enabled  a  new  tool 
for  pulmonary  imaging,  allowing  the  monitoring  of  lung  structure, 
function,  and  response  to  treatment;  hyperpolarized  ,29Xe  has  al¬ 
ready  been  tested  in  numerous  clinical  trials  in  volunteers  with 
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lung  diseases  and  control  subjects.  This  technology  may  advise  the 
diagnosis  and  monitoring  of  millions  of  patients  with  COPD  and 
other  pulmonary  diseases.  Moreover,  new  applications  of  HP  gases 
continue  to  emerge,  including  the  use  of  molecular  biosensors 
based  on  hyperpolarized  gases,  the  imaging  of  brown  adipose 
tissue,  and  the  development  of  genetically  encoded  reporters  for 
gene  expression  imaging.  Moreover,  one  of  the  recent  develop¬ 
ments  in  the  field  of  hyperpolarization  is  the  production  of  proton- 
hyperpolarized  hydrocarbons,  which  can  be  visualized  using  con¬ 
ventional  (i.e.,  proton-based)  MRI  scanners. 
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High-resolution  13C  NMR  spectroscopy  of  hyperpolarized  succinate-l-13C-2,3-d2  is  reported  in  vitro  and 
in  vivo  using  a  clinical-scale,  biplanar  (80  cm-gap)  48.7  mT  permanent  magnet  with  a  high  homogeneity 
magnetic  field.  Non-localized  13C  NMR  spectra  were  recorded  at  0.52  MHz  resonance  frequency  over  the 
torso  of  a  tumor-bearing  mouse  every  2  s.  Hyperpolarized  13C  NMR  signals  with  linewidths  of  ~3  Hz  (cor¬ 
responding  to  ~6  ppm)  were  recorded  in  vitro  (2  mL  in  a  syringe)  and  in  vivo  (over  a  mouse  torso). 
Comparison  of  the  full  width  at  half  maximum  (FWHM)  for  13C  NMR  spectra  acquired  at  48.7  mT  and 
at  4.7  T  in  a  small-animal  MRI  scanner  demonstrates  a  factor  of  ~12  improvement  for  the  13C  resonance 
linewidth  attainable  at  48.7  mT  compared  to  that  at  4.7  T  in  vitro.  13C  hyperpolarized  succinate-l-13C  res¬ 
onance  linewidths  in  vivo  are  at  least  one  order  of  magnitude  narrower  at  48.7  mT  compared  to  those 
observed  in  high-field  (>3  T)  studies  employing  HP  contrast  agents.  The  demonstrated  high-resolution 
13C  in  vivo  spectroscopy  could  be  useful  for  high-sensitivity  spectroscopic  studies  involving  monitoring 
HP  agent  uptake  or  detecting  metabolism  using  HP  contrast  agents  with  sufficiently  large  13C  chemical 
shift  differences. 

©  2017  Elsevier  Inc.  All  rights  reserved. 


1.  Introduction 

The  emergence  of  several  hyperpolarization  techniques  enhanc¬ 
ing  the  detected  signal  from  nuclear  spins  by  orders  of  magnitude 
[1-5]  have  led  to  a  wealth  of  opportunities  to  pursue  in  the  devel¬ 
oping  arena  of  high  sensitivity  magnetic  resonance  research.  In 
non-hyperpolarized  methods,  the  magnetic  field  strength  of  the 
detection  magnet  serves  to  polarize  the  nuclear  spins  (usually  pro¬ 
tons)  with  polarization  levels  of  <3.5  ppm/Tesla  constraining  the 
detection  limit  [6]  to  large  ensembles  of  nuclear  spins  (convention¬ 
ally  bulk  water  in  clinical  MR  applications).  Hyperpolarization 
techniques,  however,  produce  spin  polarization  independent  of 
the  readout  magnet,  and  therefore,  they  provide  freedom  to  select 
a  magnetic  field  strength,  and  correspondingly  a  detection  fre¬ 
quency,  optimized  to  the  nucleus  observed  [7,8]  and  the  dielectric 
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properties  of  the  sample  [9-11].  Of  particular  interest  is  the 
quickly  developing  frontier  of  low-field  magnetic  resonance 
(NMR)  and  imaging  (MRI)  [12-14],  due  to  its  ability  to  strongly 
complement  the  study  of  hyperpolarized  (HP)  nuclei,  and  its 
potential  for  application  in  areas  of  study  including  heteronuclear 
spin-labeled  metabolites  [15,16]  or  other  contrast  agents  [17-22] 
at  low  concentrations. 

Key  advantages  have  given  rise  to  the  desirability  of  pursuing 
low-field  NMR  and  MRI.  First,  detection  at  low  static  magnetic  field 
B0  is  known  to  yield  far  less  vulnerability  to  magnetic 
susceptibility-induced  field  gradient  artifacts  in  imaging,  including 
those  surrounding  metallic  implants  [23]  or  interfaces  between 
materials  such  as  airways  and  tissues  as  occur  in  the  lungs,  inner 
ear,  and  nasal  passages,  thus  significantly  reducing  the  advanced 
shimming  hardware  requirements  [24],  Second,  the  specific 
absorption  rate  (SAR)  of  energy  deposited  in  the  sample/subject 
during  application  of  radiofrequency  (RF)  pulses  scales  oc  Con¬ 
sequently,  lowering  the  field  strength  confers  the  benefit  of  reduc¬ 
ing  SAR  to  potentially  negligible  levels  [11],  which  not  only 
alleviates  patient  safety  concerns,  but  can  also  lead  to  design  and 
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implementation  of  faster  pulse  sequences  by  permitting  use  of  RF 
pulses  for  echoes  instead  of  gradient  echoes  [11].  Third,  through 
utilizing  long-lived  spin  states  (LLSS)  [25-36]  or  taking  advantage 
of  reduced  contributions  from  chemical  shift  anisotropy  particu¬ 
larly  below  0.1  T  [37],  hyperpolarized  state  lifetimes  can  signifi¬ 
cantly  extend  for  protons  and/or  heteronuclei  at  low  magnetic 
fields.  Fourth,  experimental  validation  of  the  theoretical  equations 
for  low-field  NMR  and  MRI  [12,13]  sensitivity  for  hyperpolarized 
states  has  favorably  corroborated  the  weak  frequency  dependence 
of  hyperpolarized  state  detection,  where  these  theories  indicate 
the  potential  for  approaching  or  even  exceeding  the  sensitivity  of 
high-field  NMR/MRI  1 12,13  .  Lastly,  utilization  of  low-field  mag¬ 
nets  provides  significantly  less  expensive  purchasing  and  mainte¬ 
nance  costs,  which  can  pair  favorably  with  lower-cost  methods 
of  producing  hyperpolarized  spin  states  such  as  Spin  Exchange 
Optical  Pumping  (SEOP)  primarily  focused  on  3He  and  129Xe 
[1,38-42]  or  the  high-throughput  parahydrogen-based  methods 
[5,14,43]  including  parahydrogen-induced  polarization  (PH1P) 
[44-46]  and  signal  amplification  by  reversible  exchange  (SABRE) 
[47-51], 

In  this  communication,  we  demonstrate  proof-of-principle 
high-resolution  13C  NMR  spectroscopic  detection  of  HP  succinate- 
l-13C-2,3-d2  (13C-SUX)  at  B0  =  48.7  mT  in  vitro  as  well  as  in  vivo. 
Here,  we  take  advantage  of  the  significantly  more  homogeneous 
B0  field  generated  by  a  clinical-scale  80  cm-gap  biplanar  perma¬ 
nent  magnet  with  ~13  ppm  homogeneity  over  40  cm  diameter 
spherical  volume  (DSV)  compared  to  a  previously  employed 
8.9  cm-bore  magnet  with  >20  ppm  homogeneity  over  4  cm  [52], 
Succinate  was  employed,  because  it  finds  potential  application 
for  cancer  imaging  [53-56].  With  the  improved  DSV  size  and  B0 
homogeneity,  we  report  on  in  vivo  high-resolution  13C  NMR  spec¬ 
troscopy  capable  of  resolving  splittings  >4  Hz  arising  due  to 
13C-'H  heteronuclear  spin-spin  couplings  within  the  HP  13C-SUX 
molecule  (note  that  although  13C-2H  two-  and  three-bond  cou¬ 
plings  are  present  in  HP  13C-SUX  (Fig.  1),  they  are  significantly 
weaker  than  the  corresponding  13C-1H  spin-spin  couplings,  and 
they  are  likely  are  manifested  as  line-broadening  in  the  detected 
13C  NMR  spectra).  We  compare  48.7  mT  13C  in  vitro  and  in  vivo 
NMR  spectra  with  those  obtained  at  4.7  T,  and  find  at  least  one 
order  of  magnitude  of  13C  linewidth  (in  the  units  of  Hz)  improve¬ 
ment  at  low  magnetic  field  compared  to  high  magnetic  field. 


2.  Material  and  methods 

2.1.  PHIP  hyperpolarizer 

A  PHIP  hyperpolarizer  used  to  prepare  the  l-13C-succinate-d2 
hyperpolarized  contrast  agent  (HCA)  was  fully  automated  via 
open-source  software  and  hardware  and  integrated  with  a  dual¬ 
channel  low-field  NMR  spectrometer  (Kea2,  Magritek,  Wellington, 
New  Zealand),  with  operations  controlled  by  computer  through  a 
graphical  user  interface  (GUI)  [52],  The  Helmholtz  saddle  configu¬ 
ration  radiofrequency  (RF)  coils  used  for  the  RF  polarization  trans¬ 
fer  sequence  developed  by  Goldman  and  Johannesson  [57]  operate 
at  the  ’H  and  13C  resonances  for  B0  =  5.75mT  when  capacitively 
tuned  and  matched  to  50  Q  and  enclose  a  high  pressure  plastic 
reactor  with  ~56  mL  volume  kept  at  temperatures  between  50 
and  60  °C.  Quality  assurance  of  the  produced  agent  before  use  is 
achieved  via  a  small  tipping  angle  RF  pulse  in  order  to  establish 
the  degree  of  polarization  of  the  agent.  The  process  of  producing 
a  dose  of  HCA  takes  less  than  a  minute,  and  the  routines  for  ready¬ 
ing  the  system  for  the  next  dose,  including  cleaning,  result  in  a 
total  PHIP  cycle  time  of  less  than  3  min.  Full  details  of  the  PHIP 
polarizer  instrumentation  including  schematics,  software,  and  bill 
of  materials  are  freely  available  elsewhere  [52],  A  home-built 


parahydrogen  (p-H2)  generator  using  a  low-power  cryocooler  is 
used  to  produce  continuously  90+%  p-H2  from  bulk  hydrogen  at 
flow  rates  up  to  1 50  sscm  and  25  bar  pressure.  AIL  double- 
ended  316  SS  sample  cylinder  with  PTFE  lining  (316L-50DF4- 
500-T-PD,  Swagelok)  and  brass  Yor-Lok  tube  fittings  (5272K291, 
McMaster-Carr)  provides  a  gas  reservoir  for  p-H2  collection 
between  experiments  (~0.4  L  is  consumed  per  production  of 
HCA,  coincidentally  matching  conveniently  the  PHIP  cycle  time). 

2.2.  PHIP  hyperpolarization  of  l-,3C-succinate-d2  (13C-SUX) 

Preparation  of  aqueous  Rh-based  hydrogenation  catalyst  and 
fumaric  acid-1 -13C-d2  precursor  used  to  produce  HP  succinate- 
l-13C-d2  (13C-SUX)  followed  the  fully  described  previously 
procedure  [52],  Briefly,  precursor  stock  solution  of  fumaric 
acid-l-13C-d2  (Cambridge  Isotopes,  CDLM-6062-PK,  1-13C  99%, 
2,3-D2  98%,  3.00  mmol,  0.357  g)  is  prepared  in  D20,  degassed,  pH 
adjusted  to  10.3,  and  mixed  with  the  standard  PHIP  catalyst/ligand 
system  of  rhodium(I)  catalyst,  bis(norbornadiene)  rhodium(I) 
tetrafluoroborate  (0.200  g,  0.54  mmol,  45-0230,  CAS  36620-11-8, 
Strem  Chemicals,  MA)  and  phosphorus  ligand,  disodium  salt  of  1, 
4-bis[(phenyl-3-propanesulfonate)phosphine]butane  (717347, 
Sigma-Aldrich-Isotec,  0.360  g,  0.64  mmol).  Following  preparation, 
the  catalyst  is  stored  in  a  plastic  bottle  attached  to  the  gas/liquid 
manifold  of  the  PHIP  hyperpolarizer  and  kept  under  slight  over¬ 
pressure  (~2-5  psi  gauge  pressure)  of  ultra-high  purity  nitrogen 
or  Argon  (>99.999%,  A-L  Compressed  Gases  Inc.,  Nashville,  TN)  [52], 

2.3.  MRI  magnet  and  RF  coils 

The  upright  biplanar  permanent  magnet  clinical  imaging  sys¬ 
tem  (Supporting  Information  (SI)  and  Fig.  2)  generates  B0  field  of 
48.7  mT  statically  shimmed  to  ~13ppm  homogeneity  over  a 
40  cm  DSV  (SIGWA  48.7  mT,  Boston  NMR,  Boston,  MA).  The 
open-bore  configuration  achieves  an  80  cm-gap  between  the  pla¬ 
nar  XYZ  gradient  coil  inserts  mounted  to  the  pole  pieces.  Heteronu¬ 
clear  NMR  spectroscopic  detection  involving  13C  and  15N  on  this 
system  has  been  observed  to  approach  ~1  Hz  linewidths  (deter¬ 
mined  as  full  width  at  half  maximum  or  FWHM),  when  measuring 
NMR  samples  with  pL  volumes  (e.g.,  samples  in  5  mm  NMR  tubes). 
We  note  that  this  system  is  particularly  well  suited  for  the  direct 
NMR  measurement  of  J-couplings  of  hyperpolarized  compounds 
given  its  low  field  strength  and  excellent  field  homogeneity  30], 
While  not  utilized  for  shimming  in  the  reported  in  vivo  study, 
when  used  for  MRI  the  XYZ  planar  gradient  coil  set  is  capable  of 
reaching  20  mT/m  in  all  axes  with  linearity  within  approximately 
±6%  across  the  full  FOV  of  40  cm.  Further  details  of  the  imaging  sys¬ 
tem  (including  the  Tecmag  Redstone  console)  are  provided  in  the 
SI. 

The  RF  coil  built  for  use  in  this  imaging  system  was  designed  to 
measure  metabolic  HP  contrast  agents  in  vivo  in  small  animal  stud¬ 
ies  involving  mice.  The  solenoid  coil  was  constructed  to  match  the 
typical  dimensions  of  the  animal  (17  mm  diameter  by  up  to 
193  mm  body  length)  to  increase  the  coil  filling  factor  and  corre¬ 
spondingly  the  SNR.  The  coil  had  a  quality  factor  of  55.  The  coil 
was  tuned  using  56H02  Johansen  trimmer  capacitors  and  ATC  non¬ 
magnetic  ceramic  capacitors  to  tune  the  resonant  frequency  to  13C 
resonance  at  0.521  MHz  or  ’H  resonance  at  2.074  MHz  and  match 
the  coil  impedance  to  the  50  L2  coaxial  transmission  line  impe¬ 
dance.  All  component  values  are  provided  in  Tables  SI  and  S2  in 
the  SI.  The  resonant  circuit  for  ’H  or  13C  detection  was  comprised 
of  a  parallel  LC  resonator  with  a  series  capacitive  matching  element 
(see  Figs.  S3  and  S4,  SI).  The  solenoid  was  constructed  with  170 
windings  using  28  AWG  gauge  magnet  wire  with  a  measured 
inductance  of  302  pH.  The  coil  was  enclosed  in  an  RF  shield  con¬ 
structed  using  square  double-sided  1  oz.  copper  clad  PCB  materials 
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Fig.  1.  Chemistry  of  13C-SUX  hyperpolarization  and  NMR  spectroscopy,  (a)  The  conversion  scheme  of  fumarate-l-13C-2,3-d2  to  yield  succinate-l-13C-2,3-d2  via  the  PH1P 
process,  (b  and  e)  13C  NMR  spectroscopy  of  HP  l3C-SUX  in  hollow  plastic  spheres  (2.8  mL  volume)  at  4.7  T  (best  shim)  and  an  HCA-filled  syringe  at  48.7  mT,  respectively,  (c 
and  f)  Thermal  Boltzmann  polarization  reference  of  1  g  sodium  l-13C-acetate  in  D20  at  4.7  T  (single  average)  and  5  g  sodium  l-’3C-acetate  in  15  mL  D20  at  48.7  mT  (16 
averages),  respectively,  (d)  T,  decay  curve  of  HP  13C-SUX  at  48.7  mT  with  simulated  Ti  of  88  ±  5  s.  See  additional  details  in  the  text. 


(473-1007-ND,  Digikey,  Thief  River  Falls,  MN)  to  form  an  enclosed 
cubic  volume  (1  ft  x  1  ft  x  1  ft).  This  shielding  provided  an  electric 
field  suppression  of  60+  dB.  The  coil  was  calibrated  via  a  nutation 
sequence  on  the  Redstone  console  using  variable  flip  angle  via 
pulse  length  calibration  for  fixed  power,  and  the  it/2  tip  angle 
was  determined  to  be  115  ps  for  ’H  and  475  ps  for  13C  for  <1  W 
of  applied  RF  power.  Further  description  of  the  RF  probe  is  pro¬ 
vided  in  the  SI. 


2.4.  13C  HP  NMR  spectroscopy  and  ,3C  NMR  spectroscopy  using 
thermal  polarization 

Sodium  l-13C-acetate  was  used  for  Boltzmann  thermal  polar¬ 
ization  analysis  at  48.7  mT  and  4.7  T  for  HP  13C-SUX  spectroscopic 
comparison  given  ~97-fold  field  strength  ratio  for  B0.  HP  13C-SUX 
spectroscopy  was  performed  by  injecting  HCA  into  a  2.8  mL  hollow 
plastic  sphere  situated  inside  the  corresponding  RF  coil  at  either 
4.7  T  (best  ’H  shim  settings  on  the  acetate  phantom)  or  48.7  mT 
(static  magnet  shim)  followed  by  application  of  a  small  tipping 
angle  hard  RF  pulse  to  observe  the  shimmed  NMR  resolution 
obtainable.  For  in  vivo  detection,  a  time  series  of  NMR  acquisitions 
to  allow  observation  of  HCA  dynamics  was  commenced  on  the 
Redstone  console  at  the  start  of  the  PHIP  hyperpolarization 
sequence  that  produces  a  batch  of  HP  13C-SUX. 


2.5.  ,3C  spectroscopy  in  small  rodents  using  HP  13C-SUX 

The  feasibility  of  in  vivo  13C  high-resolution  detection  of  spin- 
spin  couplings  was  tested  in  mice  for  HP  13C-SUX  at  the  low  mag¬ 
netic  field  of  48.7  mT.  Procedurally,  the  4T1  mammary  carcinoma 
cells  were  maintained  in  RPM1-1 640  medium  supplemented  with 
fetal  bovine  serum  (10%,  v/v)  and  the  culture  dish  was  incubated 
in  a  37  °C,  5%  C02.  Eight-to  ten-week-old  female  nude  mice  were 
purchased  from  Jackson  Laboratory.  All  animal  experimental  pro¬ 
tocols  were  approved  by  the  Vanderbilt  University  Institutional 
Animal  Care  and  Use  Committee.  Nude  mice  6-8  weeks  of  age 
(from  Jackson  Laboratory,  Bar  Harbor,  ME,  USA)  were  implanted 
sub-cutaneously  under  anesthesia  (isoflurane  mixed  with  2% 
oxygen)  with  1.0  x  106  cells  in  the  mammary  fat  pad  using  a 
27-G  needle.  The  progress  of  tumor  growth  was  monitored  via 
every-other-day  measurement  of  tumor  size  and  animal  weight. 
When  the  tumors  reached  approximately  4  mm  in  diameter, 
in  vivo  13C  spectroscopy  study  was  performed. 

In  preparation  for  the  NMR  experiment,  the  mice  were  anes¬ 
thetized  using  ketamine:xylazine  (75  mg/kg:  5  mg/kg)  via 
intraperitoneal  injection.  The  anesthetic  dose  was  designed  to 
immobilize  animals  for  approximately  60  min.  After  anesthetiza¬ 
tion,  with  the  animal  lying  on  a  thin  film  carrier,  a  28-gauge  needle 
affixed  to  a  catheter  line  was  inserted  into  the  lateral  tail  vein.  The 
animal  with  catheter  in  place  was  then  transported  and  placed 
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Fig.  2.  Experimental  setup  and  in  vivo  13C  NMR  spectroscopy,  (a)  Parahydrogen  at  ~80%  purity  was  prepared  with  a  home-built  parahydrogen  generator  and  used  to  produce 
HP  13C-SUX  from  ,3C-FUM  in  a  home-built  PHIP  hyperpolarizer,  (b)  Coinciding  with  the  start  of  production  of  HP  ,3C-SUX  in  the  PHIP  hyperpolarizer,  NMR  acquisitions  every 
2  s  were  acquired  with  FA  =  18°,  with  (insets)  showing  a  selected  NMR  spectrum  from  the  series  alongside  the  corresponding  SVD  de-noised  spectrum  (10  largest  singular 
values).  See  additional  details  in  the  text  and  SI. 


inside  the  RF  probe  with  the  catheter  line  fitting  through  the  RF 
shield.  Prior  to  acquiring  NMR  spectroscopy  or  MRI  imaging,  ani¬ 
mals  were  slowly  injected  over  ~5  s  timespan  with  ~0.2  mL  of 
HP  13C-SUX  via  the  catheter  in  performance  of  a  tail-vein  injection. 
After  NMR  spectroscopy,  animals  were  retrieved  from  the  scanner 
and  placed  back  into  a  warm  cage  under  constant  observation  until 
recovered  from  anesthesia. 


3.  Results  and  discussion 

3.3.  In  vitro  ,3C  NMR  spectroscopy  at  4.7  T  and  48.7  mT 

13C  NMR  spectra  of  thermally  polarized  sodium  acetate-l-13C 
(1  g  dissolved  in  2.8  mL  D20  DSV)  were  recorded  using  a  4.7  T  Var- 
ian  preclinical  MRI  scanner  (Fig.  lc,  1  scan)  and  using  a  Tecmag 
Redstone  console  (Fig.  lc,  16  scans)  at  50  MHz  and  0.52  MHz  13C 
resonance  frequency,  respectively.  The  high-field  acquisition  was 
performed  using  active  shimming,  while  the  low-field  acquisition 
was  performed  without  any  additional  magnet  shimming. 
Acetate-1 -13C  moiety  results  in  a  characteristic  13C  quartet  appear¬ 
ance  due  to  ~6.0  Hz  ]H-13C  two-bond  spin-spin  coupling.  The 
quartet  features  are  somewhat  better  resolved  at  48.7  mT,  Fig.  lc 
vs.  f. 

13C  spectroscopy  of  HP  13C-SUX  was  performed  at  4.7  T  using 
the  same  type  of  hollow  plastic  spherical  container.  The  resulting 
spectrum  (Fig.  lb)  shows  one  relatively  broad  line  with  FWHM 
~36  Hz.  13C  spectroscopy  of  HP  13C-SUX  performed  at  48.7  mT 


was  conducted  in  a  plastic  syringe  container.  The  spectrum 
(Fig.  le)  shows  a  very  well  resolved  multiplet  pattern— a  manifes¬ 
tation  of  complex  network  of  two-  and  three-bond  ^C-’H  spin- 
spin  couplings.  The  half-height  line  width  (HHLW)  was  estimated 
to  be  <3  Hz,  and  the  two  outer  peaks  of  the  splitting  pattern 
(~3.9  Hz  away)  are  well  differentiated.  The  ~12-fold  narrower 
linewidth  (and  consequently  better  resolution  in  units  of  Hz) 
obtained  at  48.7  mT  is  possible  due  to  the  fact  that 
susceptibility-induced  field  gradients  which  scale  linearly  with  B0 
are  significantly  reduced  at  48.7  mT  compared  to  4.7  T  (by  the  ratio 
of  ~97  of  the  two  field  strengths).  The  chemical  shift  dispersion  (in 
units  of  Hz)  scales  linearly  with  B0,  and  as  a  result,  it  is  reduced  by 
a  factor  of  ~97  at  48.7  mT  compared  to  that  at  4.7  T.  The  effective 
~12-fold  line  narrowing  (due  to  reduced  susceptibility-induced  B0 
field  gradients)  described  above  partially  mitigates  the  above 
reduction  in  chemical  shift  dispersion,  and  the  overall  resolving 
power  of  13C  spectroscopy  at  48.7  mT  was  approximately  8  times 
worse  than  that  at  4.7  T  (i.e.,  ~97:12). 

Despite  nominal  reduction  of  spectral  resolution,  the  significant 
in  vivo  13C  line  narrowing  at  48.7  mT  vs.  4.7  T  provides  a  certain 
advantage  from  the  perspective  of  the  detection  sensitivity,  or 
SNR.  Because  the  sensitivity  for  HP  detection  can  scale  as  Bj/4 
[12]  or  as  Bo14  in  the  range  of  10-500  kHz  [58]  depending  on  coil 
geometry  and  construction  and  the  means  of  detection,  which  is  a 
very  weak  field  dependence,  the  significant  reduction  in  FWHM  is 
an  important  contributing  factor  to  the  overall  detection  sensitivity 
argument  for  low-field  MR.  In  particular,  this  may  translate  into 
more  sensitive  LF  MR  detection  schemes  of  HP  contrast  agents 
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for  some  applications,  which  can  take  advantage  of  this  significant 
narrowing  of  linewidth  despite  the  commensurate  reduction  in  the 
chemical  shift  dispersion,  e.g.  HP  gas  spectroscopy  and  imaging 

[5,59], 

3.2.  In  vitro  13C-SUX  Tt  in  deoxygenated  D20 

Previous  measurement  of  13C-SUX  hyperpolarized  lifetime  in 
D20  at  47.5  mT  yielded  75  ±  3  s  in  vitro  [15].  At  48.7  mT,  the  life¬ 
time  of  HP  13C-SUX  in  D20  was  measured  to  be  88  ±  5  s  in  vitro 
according  to  the  decay  curve  shown  in  Fig.  1  and  accounting  for 
using  a  RF  pulse  with  flip  angle  (FA)  ~18°.  This  is  in  good  agree¬ 
ment  with  previously  reported  value,  and  the  minor  discrepancy 
is  likely  caused  by  slight  imprecision  (<1°)  in  calibrating  the  low- 
field  RF  pulse  and  small  variations  in  the  pH  of  the  produced 
HCA,  which  is  known  to  modulate  13C  T t  of  HP  SUX  significantly 
[53,54,60  .  13C  chemical  shift  anisotropy  (CSA)  decreases  signifi¬ 
cantly  in  units  of  Hz  at  48.7  mT  compared  to  that  at  >3  T.  As  a 
result,  13C  CSA  likely  has  a  negligible  contribution  to  the  Tj  relax¬ 
ation  of  the  13C  HP  state  at  48.7  mT,  and  dipole-dipole  interactions 
likely  represent  the  dominant  Ti  relaxation  mechanism  at  such  low 
magnetic  fields. 

3.3.  In  vivo  I3C  NMR  spectroscopy  at  4.7  T  and  48.7  mT 

HP  13C-SUX  was  injected  as  a  bolus  dose  in  the  tail  vein  of  anes¬ 
thetized  tumor-bearing  mouse,  which  was  positioned  inside  a  RF 
coil  placed  in  the  center  of  48.7  mT  magnet  (Fig.  1).  Non- 
localized  13C  NMR  spectra  were  recorded  via  the  NMR  console 
commencing  at  the  start  of  HCA  production  on  the  PH1P  hyperpo¬ 
larizer  every  2  s  using  a  small  angle  pulse  for  every  RF  excitation. 
The  time  window  for  recording  NMR  spectra  of  HP  13C-SUX  was 
~80  s  (Fig.  2b).  We  note  that  the  entire  dynamic  13C  in  vivo  scan 
was  effectively  completed  ~3  min  after  the  beginning  of  contrast 
agent  production  in  the  PH1P  hyperpolarizer.  The  13C  NMR  signal 
increases  at  the  very  beginning  due  to  HCA  entering  the  body  of 
the  animal,  and  it  decreases  after  reaching  a  maximum  post¬ 
injection  due  to  (i)  7j  decay,  (ii)  RF  pulse-associated  losses,  and 
(iii)  possible  metabolism.  Despite  the  significant  detection  volume 
(whole  mouse  vs.  a  small  syringe),  the  13C  NMR  linewidth 
remained  largely  unchanged:  ~3  Hz  (in  vivo,  Fig.  2b)  vs.  ~3  Hz 
(in  vitro,  see  above).  While  this  result  is  not  surprising  because 
the  susceptibility-induced  gradients  are  negligible,  the  demonstra¬ 
tion  of  such  high-spectral-resolution  HP  13C  low-field  NMR  spec¬ 
troscopy  in  vivo  has  been  performed  for  the  first  time  to  the  best 
of  our  knowledge.  Most  in  vivo  preclinical  experiments  with  13C 
HP  contrast  agents  are  performed  at  3  T  and  above,  and  13C  FWHM 
is  typically  >1  ppm  corresponding  to  >30  Hz  [55,61-65],  The  HP 
13C  FWHM  (in  units  of  Hz)  demonstrated  here  in  vivo  is  at  least 
an  order  of  magnitude  improvement  compared  to  high-field 
in  vivo  studies  of  HP  HCAs.  Moreover,  the  FWHM  of  ~3  Hz  (corre¬ 
sponding  to  ~6  ppm)  is  only  a  factor  of  <6  worse  than  that 
observed  in  high-field  studies  (i.e.  >1  ppm)  [55,61-65],  While  the 
chemical  shift  resolution  (in  units  of  ppm)  is  certainly  reduced  at 
48.7  mT,  this  reduction  is  offset  through  the  gain  in  sensitivity 
via  13C  line-narrowing,  which  represents  an  interesting  trade-off 
between  the  detection  sensitivity  (i.e.  SNR)  and  resolution. 

3.4.  Imaging  and  biomedical  translation 

Although  HP  NMR  spectroscopy  has  been  reported  in  the  ZULF 
regime  [37,66,67]  including  frequency-selective  RF  excitation 
[67],  the  use  of  conventional  MR1  frequency  encoding  in  ZULF 
potentially  is  challenging  due  to  the  very  low  resonance  frequency, 
and  new  MRI  encoding  techniques  likely  need  to  be  developed. 
However,  13C  (as  well  as  ’H,  3He  and  129Xe)  MRI  imaging  can  be 


performed  at  B0  >  6  mT  (including  ~48.7  mT,  the  field  studied 
here)  as  has  been  demonstrated  by  us  [15,52,68-70]  and  others 
[8,19,20,71-75]  previously  using  conventional  MRI  approaches. 
In  particular,  13C  frequency  encoding  can  still  be  accomplished  at 
~0.5  MHz  resonance  frequency  (f0)  as  employed  here  and  using  a 
RF  coil  with  suitable  quality  factor  Q.  and  reasonable  choice  of 
spectral  width  (SW)  to  satisfy  the  imaging  bandwidth  condition 
of  f0/()»SW  [15],  The  direct  use  of  conventional  encoding 
approaches  is  a  clear  translational  advantage  of  LF  MRI  compared 
to  the  current  status  of  ZULF  due  to  the  ready  availability  of 
commercial  hardware  and  the  wide  range  of  already  established 
pulse  sequences. 

The  13C  NMR  spectroscopy  demonstrated  here  at  48.7  mT  with 
~6  ppm  spectral  resolution  (~3  Hz  FWHM)  could  be  useful  for 
in  vivo  13C  spectroscopic  studies  aiming  to:  (i)  differentiate  HP 
pyruvate-13C  and  its  main  metabolic  product  in  tumors  of  HP 
lactate-1 -13C,  because  their  HP  13C  resonances  have  a  sufficient 
chemical  shift  difference  of  ~12  ppm  [61,62];  (ii)  pH  imaging  via 
spectroscopic  detection  of  HP  13C-bicarbonate  and  13C02,  because 
their  resonances  are  separated  by  ~35  ppm  [76];  and  (iii)  poten¬ 
tially  other  injectable  13C  HP  contrast  agents  with  sufficiently  dif¬ 
ferent  chemical  shifts  of  HP  metabolites  [65,77], 

4.  Conclusion 

High-resolution  (FWHM  ~3  Hz)  13C  NMR  spectroscopy  of  HP 
13C-SUX  has  been  successfully  demonstrated  at  0.521  MHz  reso¬ 
nance  frequency  in  vitro  and  in  vivo  using  a  homogeneous 
(13  ppm  over  40  cm  DSV)  80  cm-gap  48.7  mT  magnet.  Resolution 
of  13C  line  splittings  of  ~4  Hz  were  successfully  observed  in  vivo. 
The  in  vivo  13C  linewidth  (FWHM)  obtained  at  48.7  mT  was  ~12 
times  better  than  that  achieved  with  a  4.7  T  small-animal  MRI 
scanner  using  the  same  HCA.  A  significant  gain  in  spectral  line- 
width  for  13C  low-field  in  vivo  NMR  spectroscopy  is  advantageous 
for  improving  the  detection  sensitivity  of  LF  NMR.  Potential 
biomedical  applications  can  include  monitoring  HP  13C  agent 
uptake  as  well  as  detecting  metabolism  of  biomolecules  with  suf¬ 
ficiently  different  chemical  shifts  at  such  low  fields  including  MRSI 
of  HP  pyruvate-l-13C/lactate-l-13C,  HP  bicarbonate-13C/13C02  and 
others  [78-80], 
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ABSTRACT:  Signal  amplification  by  reversible  exchange  (SABRE)  is  an  inexpensive,  fast,  and  even  continuous 
hyperpolarization  technique  that  uses  para- hydrogen  as  hyperpolarization  source.  However,  current  SABRE  faces  a  number 
of  stumbling  blocks  for  translation  to  biochemical  and  clinical  settings.  Difficulties  include  inefficient  polarization  in  water, 
relatively  short-lived  'H-polarization,  and  relatively  limited  substrate  scope.  Here  we  use  a  water-soluble  polarization  transfer 
catalyst  to  hyperpolarize  nitrogen-15  in  a  variety  of  molecules  with  SABRE-SHEATH  (SABRE  in  shield  enables  alignment 
transfer  to  heteronuclei).  This  strategy  works  in  pure  H20  or  D20  solutions,  on  substrates  that  could  not  be  hyperpolarized  in 
traditional  'H-SABRE  experiments,  and  we  record  1SN  T1  relaxation  times  of  up  to  2  min. 


■  INTRODUCTION 

NMR  and  MRI  are  nondestructive  methods  to  obtain 
information  about  molecular  structure  and  spatial  morphology. 
However,  magnetic  resonance  is  restricted  mainly  by  the 
inherently  low  sensitivity  as  a  result  of  low  thermal  polarization 
levels.  For  example,  NMR  spectroscopy  and  clinical  MRI 
predominantly  use  highly  abundant  'H  nuclei.  Even  so, 
observation  of  low  concentration  analytes  remains  challenging. 
Hyperpolarization  methods  (e.g.,  DNP,  PHIP,  SABRE, 
SEOP)1-  enhance  MR  signals  by  4—5  orders  of  magnitude 
and  overcome  inherent  sensitivity  limitations.  ’-1” 

Traditionally,  hyperpolarization  methods  require  extensive 
optimization.  Usually  methods  and  optimization  are  associated 
with  high  experimental  complexity  and  cost.  In  this  regard, 
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signal  amplification  by  reversible  exchange  (SABRE)  stands  out 
because  it  is  simple,  fast,  and  continuously  repeatable.4,1"’ 
SABRE  uses  readily  available  para- hydrogen  (p-H2)  as  a  source 
of  polarization.  The  transfer  occurs  in  reversibly  formed 
substrate— hydrogen  adducts  in  a  transition  metal  complex. 
The  magnetic  evolution  field  Bevo  must  be  sufficiently  low  to 
mix  energy  levels  between  hydride- :H  and  the  target  nucleus  to 
establish  a  path  for  polarization  transfer.7’14  While  protons  in 
the  substrate  are  targeted  at  magnetic  fields  around  65  G,14 
transfer  to  heteronuclei  (e.g.,  15N,  13C,  31P)  occurs  at  pT 
magnetic  fields  using  a  technique  termed  SABRE  in  shield 
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enables  alignment  transfer  to  heteronuclei  (SABRE- 
SHEATH).7’8  As  shown  in  Scheme  1,  the  required  hardware 
is  relatively  simple. 

Scheme  1.  A  sample  is  hyperpolarized  via  SABRE-SHEATH 
for  an  evolution  time  tevo  at  optimized  matching  field  Bevo  of 
~0.5  flT  established  by  a  small  solenoid  coil  in  a  magnetic 
shield  that  attenuates  the  Earth’s  magnetic  field  and 
transferred  into  a  Benchtop  (l  T)  NMR  spectrometer  or 
conventional  high-field  (8.45  T)  spectrometer  for  detection. 


As  a  result  of  experimental  simplicity  and  its  promise,  SABRE 
and  SABRE-SHEATH  are  now  attracting  an  increasing  number 
of  research  groups  contributing  to  its  rapid  develop¬ 
ment.  ’  '  21  A  milestone  for  SABRE  was  the  transition  from 

organic  solvents  to  aqueous  solutions,  which  was  recently 
achieved  for  *H- SABRE. 

Still,  for  !H  spin— lattice  relaxation  times  are  relatively  short 
and  the  substrate  scope  is  limited.  Direct  polarization  transfer 
to  heteronuclei  has  not  been  demonstrated  in  an  aqueous 
environment.  Hyperpolarizing  nitrogen- 15  via  SABRE- 
SHEATH  allows  a  wider  range  of  structural  motifs,  and 
relaxation  times  are  characteristically  larger. 

SABRE-SHEATH  with  15N  targets  is  made  accessible  with 
the  water-soluble  [lrCl(lDEG)(COD)]  precatalyst  (la).  As 
shown  in  Scheme  2  the  precatalyst  is  converted  to  the 
catalytically  active  species  (l)  in  the  presence  of  substrates 
under  a  hydrogen  atmosphere.  At  /jT  magnetic  field  hydride 
and  1SN  energy  levels  match  and  the  spin  system  coherently 
evolves  with  a  rate  given  by  /NH-  into  lsN-polarization  on 
substrates.27 

We  investigate  different  molecular  motifs  found  in  medical 
drugs,  biomolecules,  and  molecular  tags.  Structural  motifs  could 
be  readily  translated  from  the  established  [lrCl(lMes)(COD)] 

16,30 

system. 

Pyridine  (2),  the  canonical  SABRE  substrate,4  was  a  logical 
first  choice.  Next,  nitriles  are  often  encountered  in  drugs,’1 
polarize  consistently  well,  tolerate  complex  backbones,  and 
show  large  15N-SABRE-SHEATH  enhancements,  despite  little 
to  no  'H-SABRE  enhancements. We  selected  benzonitrile 
(3)  and  a-cyano-4-hydroxycinnamic  acid  (4)  (CHCA,  buffered 
with  NaOD  to  pH  7.5).  Diazirines,  which  also  do  not  exhibit 
!H  enhancements,  are  common  biomolecular  tags  that  can 
replace  CH2  groups  in  many  classes  of  biomolecules.  Here  we 
use  2-cyano-3-(D3-methyl-15N2-diazirine)propanoic  acid  (5). 
Lastly,  we  focus  on  nicotinamide  (6),  the  amide  of  vitamin  B3, 
which  could  be  tolerated  in  vivo  at  detectable  concentra¬ 
tions  ”  36  and  is  a  potential  option  for  translation  to  biomedical 
.  j.  20,37 

studies. 

For  these  substrates  we  detail  hyperpolarization  levels, 
carefully  characterize  temperature  and  magnetic  field  depend¬ 
encies,  consider  the  effect  of  deuterated  vs  protonated  solvents 


Scheme  2.  Precatalyst  [lrCl(lDEG)(COD)]  (la)  is 
transformed  into  the  active  species  [lr(lDEG)(H)2Sub3] 
(Sub  =  Substrate)  (l)  in  presence  of  a  substrate  of  choice 
(2—6)  under  a  hydrogen  atmosphere;  reversible  exchange 
leads  to  polarization  buildup  on  1SN  within  30—120  s;  the 
polarization  transfer  is  primarily  driven  by  the  N— H 
coupling  through  the  bonds  that  form  a  180°  angle  as  the 
N— H  coupling  through  bonds  forming  a  90°  angle  is  close  to 
zero. 


(d2o  vs  H20),  and  measure  relaxation  time  constants  at 
various  magnetic  fields. 

■  RESULTS  AND  DISCUSSION 

In  Figure  1  we  show  a  comparison  between  single-scan  spectra 
originating  from  compounds  directly  SABRE-SHEATH  hyper¬ 
polarized  in  aqueous  medium,  referenced  to  thermally  polarized 
neat  15N-pyridine  at  8.45  T.  Concentrations  of  investigated 
compounds  are  different  as  a  result  of  solubility  as  well  as 
sample  loss  phenomena  for  benzonitrile  and  pyridine.  Both 
pyridine  and  benzonitrile  were  initially  prepared  as  100  mM 
solutions,  but  after  activation  by  H,  bubbling  the  concen¬ 
trations  were  significantly  reduced. 

A  synopsis  of  experimental  results  and  conditions  is  given  in 
Table  1  (experimental  details  provided  in  Materials  and 
Methods).  Spectra  are  acquired  at  1  T  and  8.45  T  (see 
Scheme  l)  to  study  the  field  dependence  of  T1  relaxation  as 
detailed  below.  The  1  T  measurements  also  demonstrate  the 
feasibility  of  high-sensitivity  single-scan  1SN  detection  with  a 
benchtop  NMR  system.  Furthermore,  to  determine  the  effect  of 
proton-containing  solvents,  nicotinamide  was  investigated  in 

h2o. 

We  find  that  polarization  levels  in  deuterated  solvents  are 
largely  independent  of  the  detection  field;  that  is,  enhance¬ 
ments  simply  scale  with  the  thermal  polarization.  In  contrast, 
for  nicotinamide  in  H20  (Table  1,  entry  6),  we  observe  lower 
apparent  polarization  levels  at  8.45  T.  This  is  caused  by 
relaxation  losses  during  transfer  because  it  takes  much  longer  to 
transfer  the  sample  into  the  high-field  magnet  (~8  s)  than  into 
the  benchtop  device  sitting  right  next  to  the  magnetic  shields 
(~2  s).  The  solvent  protons  (and  deuterons)  are  in  chemical 
exchange  with  the  15N-substrate,  where  they  cause  spin— dipole 
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8  15N  [ppm]  8  15N  [ppm] 


and  (B— F)  hyperpolarized  compounds  (in  D20  unless  denoted 
otherwise).  (A)  Neat  lsN-pyridine,  (B)  lsN-pyridine,  (C)  1SN- 
benzonitrile,  (D)  15N-CHCA,  (E)  15N2-diazirine,  (F)  lsN-nicotina- 
mide  (in  H20). 


relaxation.  This  relaxation  mechanism  scales  with  the  distance 
between  the  relaxation  partners  rt~6  as  well  as  the  gyromagnetic 
ratio,  which  is  6.5  times  smaller  for  deuterium,38'39  explaining 
the  observed  differences  between  solvents. 

SABRE-SHEATH  in  water  gives  rise  to  a  new  set  of 
challenges.  Water  has  significantly  higher  viscosity  and  surface 
tension  than  methanol,  and  at  room  temperature  the  solubility 
of  hydrogen  in  water  is  5  times  lower. 11,41  We  observed  that 
some  samples,  specifically  nonpolar  liquid-state  substrates  (e.g., 
benzonitrile  and  pyridine),  are  extracted  from  the  solvent  when 
bubbling  with  hydrogen  during  the  polarization  buildup. 
Nicotinamide  and  CHCA,  both  crystalline  solids  when  isolated, 

were  used  for  systematic  studies,  as  substrate  loss  did  not 

20 

occur. 

Of  particular  interest  are  the  dependence  of  the  15N 
polarization  on  temperature  and  magnetic  evolution  field  Bevo. 
Figure  2  contrasts  the  established  [lrCl(!Mes)(COD)]  in 


methanol  and  catalyst  1  in  H20/D20  as  a  function  of  these 
variables  (T,  Bevo). 
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Figure  2.  Comparison  of  1SN  polarization  as  a  function  of  temperature 
in  (A)  H20,  (B)  D20,  and  (C)  methanol-d4  at  Bevo  =  0.5  /r T.  (D) 
Hyperpolarized  signals  as  a  function  of  fiT  field  at  the  temperature 
corresponding  to  the  maximum  polarization  in  the  respective  solvents: 
22  °C  for  lsN-acetonitrile  in  methanol-d4  and  72  °C  for  1SN-CHCA  in 
D20  (blue:  5  mM  [lrCl(lMes)(COD)],  30  mM  pyridine,  100  mM 
15N-CH3CN,  methanol-d4;  magenta:  5  mM  [lrCl(lDEG)(COD)],  30 
mM  pyridine,  50  mM  1SN-CHCA,  D2Q). 


The  temperature  dependence  was  studied  using  a  100  mM 
nicotinamide  sample.  For  catalyst  system  1  in  H20  (Figure  2A) 
and  D20  (Figure  2B)  the  1SN  polarization  increases  with 
temperature.  In  contrast,  in  methanol  (Figure  2C,  [irCl(lMes)- 
(COD)]  precursor)  the  largest  polarization  is  recorded  at  room 
temperature. 

The  magnetic  field  dependence  is  shown  in  Figure  2D.  We 
compare  normalized  data  (max.  15N  polarization:  0.13%  in 
D20,  1.7%  in  MeOH-d4)  of  two  nitrile/solvent  systems:  first,  in 
blue,  lsN-acetonitrile  in  MeOH-d4  with  [lrCl(lMes)(COD)] 
and  second,  in  magenta,  15N-CHCA  in  DzO  with  [IrCl- 
(IDEG)(COD)]  (la). 

We  note  that  nitriles  are  better  suited  for  this  study  than 
nicotinamide,  as  enhancements  are  more  robust  and  reprodu¬ 
cible.  Additionally,  they  exhibit  inversion  of  the  NMR  signal 
upon  inversion  of  Bevo.  Variation  of  the  temperature  changes 
the  dissociation  rate  constants  of  substrate  and  catalyst-bound 
H2.14,  ,42  Optimal  polarization  transfer  efficiency  is  expected 
when  the  exchange  rate  k jjss  is  on  the  order  of  the  1SN  to 
hydride  JNH-coupling  across  the  iridium  center  (see  Scheme 
2). 14,42  Figure  1A— C  show  that  the  IMes  catalyst  in  methanol 
yields  the  largest  15N  polarization  at  room  temperature, 


Table  1.  Synopsis  of  Experimental  Conditions,  Enhancements,  and  Polarization  Levels'1 


substrate 

activation  time 

M 

^substrate/ 

^catalyst 

^Substrate 

[mM] 

enhancement  8.45  T  ( P 
[%]) 

enhancement  IT  (P 

[%]) 

enhancement  ratio  (l  T/ 
8.45  T) 

(2)  pyridine 

12 

3.3 

16.5“ 

1100 

d 

d 

(3)  benzonitrile 

0.25 

20 

S0b’c 

90 

d 

d 

(4)  CHCA 

12 

10 

50 

440  (0.13) 

3700  (0.13) 

8.4 

(5)  diazirine 

6 

10 

16.3 

560  (0.16) 

4700  (0.17) 

8.4 

(6)  nicotinamide 

12 

20 

too 

520  (0.16) 

6100  (0.21) 

8.9 

(6)  nicotinamide  H20 

12 

20 

too 

630  (0.2) 

10  500  (0.37) 

28 

“Substrates  are  15N  labeled,  solvent  is  D20  unless  otherwise  specified.  Concentrations  of  liquid  substrates  are  determined  at  the  time  of  the 
experiment  using  1 H  spectroscopy.  T  =  75  °C.  ^Signal  maximum  obtained  30  min  after  activation,  subsequent  substrate  loss  due  to  evaporation. 
“Initial  concentration  100  mM.  ^Insufficient  S/N  ratio. 
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whereas  catalyst  1  requires  significantly  elevated  temperatures 
to  achieve  comparable  exchange  rates  leading  to  maximum 
polarization.  On  the  basis  of  these  insights  it  is  reasonable  to 
expect  1SN  polarization  in  water  to  decrease  at  even  higher 
temperatures,  in  analogy  to  methanol,  as  shown  in  Figure  2C. 

As  seen  in  Figure  2D,  the  methanol  and  water  systems  show 
very  similar  responses  to  Bevo  at  their  respective  optimized 
temperatures  (22  and  72  °C).  The  response  curves  originate 
from  two  distinct  matching  conditions  associated  with 
overpopulation  in  15N-a  or  15N-/J,  giving  either  positive  or 
negative  NMR  signal  with  identical  polarization  levels.30  The 
matching  conditions  are  given  by 


D  ,  4m  +  W2 

Bevo  =  ± - 

i'll  i'k 


(1) 


where  /HH  is  the  hydride  to  hydride  /-coupling  (~10  Hz)  and 
/NH  the  hydride  to  1SN  coupling  (~20  Hz)  in  1.  Experimentally, 
we  observe  maxima  at  Bevo  «  ±0.5  pT,  which  is  slightly  higher 
than  the  ±0.3  pT  predicted  from  eq  1,  as  the  limited  lifetime 
broadens  the  matching  conditions. 

Taken  together,  the  observations  of  Figure  1A— D  suggest 
that  the  activation  energy  of  substrate  dissociation  from  1  is 
significantly  larger  than  for  the  established  [irCl(lMes)- 
(COD)]— methanol  systems.  This  is  also  supported  by  the 
fact  that  catalyst  1  in  methanol  at  RT  did  not  yield  any 
enhancement. 

The  absolute  polarization  level  in  D20  is  about  one  order  of 
magnitude  smaller  than  for  the  methanol  system,  when 
compared  at  their  respective  optimized  temperatures  (15N- 
CHCA  in  D20,  R(1sN)  =  0.13%,  15N-CH3CN  in  d4-MeOH, 
R(15N)  =  1.7%).  Interestingly,  this  difference  in  hyper¬ 
polarization  level  can  simply  be  attributed  to  the  difference  in 
hydrogen  solubility  (factor  5)  and  the  difference  in  solvent 
concentration  (c(H20)  =  55  mol/L,  c(MeOH)  =  28  mol/L, 
factor  2). 

Current  experimental  data  and  theoretical  considerations 
indicate  that  SABRE  polarization  levels  are  limited  by  the 
exchange  of  hydrides  on  the  iridium  center  and  the  exchange 
kinetics  of  other  ligand  types  (substrate/solvent),  as  well  as 
both  pressure  and  flow  rate  of  para- hydrogen.  Exchange  of 
hydrogen  restores  the  polarization  source  to  the  active  complex 
species  and  the  process  proceeds  via  the  mixed  classical/ 
nonclassical  hydride  [lr(H)2(?/-H2)(LMes)L2],  with  arbitrary 
ligands  L.14'16  Formation  of  this  species  requires  collision 
between  a  16-electron  complex  and  a  hydrogen  molecule, 
where  collision  with  a  para- hydrogen  molecule  may  refresh  the 
active  species.  As  a  result,  the  polarization  is  proportional  to  the 
concentration  of  para-hydrogen  in  solution,  not  the  saturation 
concentration  of  hydrogen  ( ortho  +  para).  Accordingly,  the 
pressure  dependence  of  polarizations  is  relatively  weak,  whereas 
dependence  on  the  flow  rate  is  significant.  Depending  on 
system  composition,  a  linear  or  exponential  dependence  of  1SN 
polarization  on  the  flow  rate  was  reported.  11,4  ,44  We  conclude 
that  the  para-hydrogen  enrichment  in  solution  is  limited  by  the 
exchange  at  the  gas— liquid  interface. 

Let  us  now  consider  the  substrate  exchange  process.  The 
rates  of  ligand  dissociation  k^ss  and  association  fcasso  determine 
not  only  the  lifetime  of  the  complex,  where  polarization  transfer 
from  the  hydrides  to  the  target  nuclei  occurs,  but  also  the 
concentration  of  the  16-electron  species  required  for  the 
hydride  exchange.14  As  a  result  1SN  polarization  depends 
directly  on  the  concentration  of  the  16-electron  species. 


Accordingly,  the  largest  polarizations  are  observed  at  relatively 
low  catalyst  concentrations  and  high  catalyst  loadings.  It  is 
noteworthy  that  an  exponential  dependence  of  polarization  on 
the  substrate  concentrations  has  been  observed  by  Appleby  et 
al.4S 

We  point  out  that  all  reported  polarization  levels  are  not 
optimized  with  respect  to  sample  composition,  concentrations, 
hydrogen  pressure,  or  flow  rate.  Optimization  of  catalyst 
concentration  and  loading  afforded  an  8—10-fold  increase  of 
1SN  polarization  level  for  the  methanol  system.  Maximum 
polarizations  are  recorded  at  low  catalyst  concentrations  and 
high  catalyst  loadings  (lsN-nicotinamide  R(15N)  =  7%, 
l5N-benzonitrile  P(15N)  =  16%,  metronidazole  at  natural 
abundance  R(15N)  =  20%).7’14’18’43’46  We  conclude  that  1SN 
polarization  can  be  increased  by  at  least  a  factor  10  by  using  low 
substrate  concentrations  and  high  catalyst  loading.  Further 
improvements  are  expected  by  modifications  to  the  exper¬ 
imental  setup  to  allow  for  more  effective  mixing  of  hydrogen 
and  solvent  at  higher  pressures. 

15N  Relaxation  Times  in  Water.  Of  particular  importance 
for  hyperpolarization  applications  is  the  spin— lattice  relaxation 
time  T1,  which  defines  the  viable  time  delay  between 
preparation  of  hyperpolarization  and  detection.  We  examined 
the  T1  lifetime  for  15N-nicotinamide40  and  15N-CHCA,  which 
constitute  biocompatible  compounds  and  contain  1SN  in 
chemically  different  environments.40  48  Table  2  shows  the 
1SN  T1  relaxation  times  in  D20,  which  at  1  T  exceed  1  min  for 
both  compounds. 


Table  2.  1SN  T,  Times  of  100  mM  Nicotinamide  and  50  mM 
CHCA  in  D20  at  Different  Detection  Fields 


T  [s]  1  T 

T1  [s]  8.45  T 

15N-CHCA 

71  ±  15“ 

24  ±  3 

lsN-nicotinamide 

116  ±  10 

32b  ±  4 

aDetected  and  stored  at  1  T.  Control  by  detection  at  8.45  T:  T1  =  68 
±  2  s.  bIn  H20:  32  ±  5.5  s. 

For  15N-nicotinamide  at  8.45  T  we  find  the  effect  of  proton- 
containing  solvent  (H20)  on  the  T1  time  to  be  negligible.  It 
should  be  noted  that  the  1SN  Tl  time  of  nicotinamide  at  8.45  T 
and  room  temperature  is  close  to  the  T1  reported  for  13C  in  the 
13C(l)-pyruvate  markers  currently  in  clinical  use  for  prostate 
cancer  diagnostics  (T4  =  29.2  s  in  vivo,  T1  =  60  s,  ex  vivo, 
3  T).9’10  It  is  noteworthy  that  the  13C  T:  values  in  vivo  are 
smaller  than  those  ex  vivo,  characteristic  for  diffusion  in 
constricted  environments. 

To  elucidate  this  field  dependence  in  more  detail,  we 
hyperpolarized  1SN-CHCA  and  held  the  sample  at  different 
fields  for  variable  times  prior  to  detection.  The  results  are 
shown  in  Figure  3,  displaying  lsN-relaxation  time  of  CHCA 
(50  mM,  pH  7.5,  D20)  at  different  magnetic  fields.  For  this 
compound  relatively  low  magnetic  fields  of  about  0.2  T  give  the 
longest  relaxation  times.  This  is  an  intriguing  finding  in  the 
context  of  low-field  approaches  to  NMR  and  MRI,  '  which 
could  be  coupled  with  SABRE  to  establish  low-cost  spectros¬ 
copy  and  molecular  imaging. 

The  scaling  of  signal-to-noise  with  magnetic  field  strongly 
depends  on  the  exact  experimental  conditions.  For  traditional 
thermal  NMR,  the  signal  is  proportional  to  polarization  and  the 
induction.  Both  terms  are  proportional  to  Bg ;  thus  the  signal 
scales  with  B02.38’  In  NMR,  coil  noise  is  typically  dominant, 
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Figure  3.  1SN  7 time  constant  of  CHCA  as  a  function  of  the  magnetic 
field.  The  sample  is  hyperpolarized  and  stored  at  a  given  field  for  an 
incremented  delay  time  and  detected  at  8.45  T. 


which  scales  as  B0174;  hence  signal-to-noise  (S/N)  is  propor¬ 
tional  to  -B07',4.'  -  However,  with  a  hyperpolarized  sample 
spin  polarization  is  independent  of  B0  and,  thus,  S/N  scales 
with  B03/4. 

Another  scenario  arises  for  human  MRI.  Here,  dielectric 
losses  dominate,  which  are  proportional  to  B0.  Thus,  S/N  only 
increases  proportional  to  B0  for  thermal  MRI  experiments.7"'74 
Therefore,  S/N  is  expected  to  be  independent  of  B0  for 
hyperpolarized  human  MRI.55,56  MRI  in  low  magnetic  fields 
has  significant  advantages,  as  magnet  and  RF-circuit  design  are 
flexible,  easy  to  construct,  and  relatively  inexpensive.'  '  For 
example,  high-performance  ^-MRI  at  6.5  mT  with  thermal 
magnetization  has  already  been  reported.4  It  is  noteworthy 
that  recent  advances  in  the  low-field  domain,  such  as  “external 
high-quality-factor-enhanced  NMR”  (EHQE-NMR)7  ’  and 
others,7"  lead  to  S/N  independent  of  B0  even  for  spectroscopic 
applications. 

■  MATERIALS  AND  METHODS 

Solutions  of  substrates  in  D20/H20  were  added  to  [irCl(lDEG)- 
(COD)]  (IDEG  =  l,3-bis(3,4,5-tris(diethyleneglycol)benzyl))-imida- 
zole-2-ylidene),  COD  =  1,5-cyclooctadiene),  stirred  until  a  homoge¬ 
neous  solution  of  known  concentration  in  catalyst  is  obtained,  and 
transferred  to  a  5  mm  medium  wall  pressure  NMR  tube  (Wilmad  524- 
PV-7).  The  typical  sample  volume  was  350  pf.  The  solution  was 
bubbled  with  argon  for  30  min  and  pressurized  with  10  bar  of  para-H2, 
and  hydrogen  flow  was  adjusted  to  obtain  adequate  bubbling.  Catalyst 
activation  times  were  0.25—12  h  depending  on  substrate,  solvent 
(deuterated  solvents  require  longer  activation  times),  and  temperature. 
Catalyst  activation  can  be  sped  up  significantly  by  raising  the 
temperature.  For  SABRE-SHEATH  experiments  para- H2  (Bruker 
BPHG  090,  38  K,  90%)  was  bubbled  through  a  sample  placed  in  a  pT 
magnetic  field.  Hyperpolarization  buildup  is  achieved  in  0.5—2  min. 
The  j-iY  field  is  generated  by  a  small  solenoid  inside  a  magnetic  shield 
(see  Scheme  l).  The  sample  temperature  was  controlled  with  a  water 
bath  inside  the  magnetic  shields.  Measurements  were  performed  with  a 
Bruker  Avance  DX  360  (8.45  T)  or  Magritek  Spinsolve  'H/1SN 
spectrometer  (l  T).  Enhancements  are  calculated  relative  to  neat  15N- 
labeled  pyridine.  The  concentration  in  the  samples  was  monitored  by 
1 H  spectroscopy. 

■  CONCLUSIONS 

We  have  demonstrated  SABRE-SHEATH  hyperpolarization  of 
15N  in  aqueous  media  at  moderate  temperatures  (20—80  °C) 
and  achieve  up  to  1000-fold  enhancements  over  thermal 
measurements  at  8.45  T.  We  applied  SABRE-SHEATH  in 
water  to  biocompatible  marker  groups  in  different  molecules 
(CHCA,  nicotinamide,  diazirine  moieties).  Hyperpolarization 


of  l7N-nitrile  and  the  l7N2-diazirine  exemplifies  how  SABRE- 
SHEATH  is  amenable  to  more  substrate  classes  because  15N  is 
closer  to  the  hyperpolarization  source  than  protons  in  the 
molecular  backbone. 

Furthermore,  we  demonstrated  T1  times  comparable  to,  or 
exceeding,  clinically  used  DNP  tracers.  "'10  For  example, 
nicotinamide  in  D20  exhibits  a  1SN  relaxation  time  of  2  min, 
which  is  significantly  longer  than  typical  'H-T,  (seconds)  of 
traditional  ^-SABRE  substrates.  Still,  recent  advances  have 
demonstrated  long-lived  :H  singlet  states  with  decay  times  of 
up  to  4.5  min.'  When  such  strategies  are  translated  to  15N, 
lifetimes  in  excess  of  20  min  become  available.60 

Imaging  applications  of  SABRE  hyperpolarized  protons"7  as 
well  as  nitrogen-15  have  already  been  reported.4  Hyper¬ 
polarized  heteronuclei  are  beneficial,  as  they  are  background 
free  and  have  a  large  chemical  shift  range,  which  allows  for  easy 
chemical  identification.  Future  developments  may  be  expected 
to  advance  SABRE  to  in  vivo  molecular  imaging  complement¬ 
ing  DNP-hyperpolarized  13C  tracers,  which  have  quickly 
become  an  essential  and  routine  tool,  giving  detailed  and 
fundamental  insight  into  in  vivo  metabolism  and  biochemis- 

try9,io,6i— 6S 
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Heterogeneous  Microtesla  SABRE  Enhancement  of  15N  NMR  Signals 

Kirill  V.  Kovtunov,  *  Larisa  M.  Kovtunova,  Max  E.  Gemeinhardt,  Andrey  V  Bakhtiyarov, 
Jonathan  Gesiorski,  Valerii  I.  Bakhtiyarov,  Eduard  Y.  Chekmenev,  Igor  V.  Koptyug,  and 
Boyd  M.  Goodson* 


Abstract:  The  hyperpolarization  of  heteronuclei  via  signal 
amplification  by  reversible  exchange  (SABRE)  was  investi¬ 
gated  under  conditions  of  heterogeneous  catalysis  and  micro¬ 
tesla  magnetic  fields.  Immobilization  of  [IrCl(COD)(IMes)J , 
[IMes  =  l,3-bis(2,4,6-trimethylphenyl),  imidazole-2-ylidene ; 
COD  =  cyclooctadiene]  catalyst  onto  silica  particles  modified 
with  amine  linkers  engenders  an  effective  heterogeneous 
SABRE  (HET-SABRE)  catalyst  that  was  used  to  demonstrate 
a  circa  100-fold  enhancement  of  15 N  NMR  signals  in  15 N- 
pyridine  at  9.4  T  following  parahydrogen  bubbling  within 
a  magnetic  shield.  No  I5N  NMR  enhancement  was  observed 
from  the  supernatant  liquid  following  catalyst  separation, 
which  along  with  XPS  characterization  supports  the  fact  that 
the  effects  result  from  SABRE  under  heterogeneous  catalytic 
conditions.  The  technique  can  be  developed  further  for 
producing  catalyst-free  agents  via  SABRE  with  hyperpolarized 
heteronuclear  spins,  and  thus  is  promising  for  biomedical 
NMR  and  MRI  applications. 
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variety  of  different  methods  have  been  developed  over  the 
years  to  achieve  NMR  signal  enhancement  via  hyperpolari¬ 
zation  (the  generation  of  highly  non-equilibrium  nuclear  spin 
polarization),  thereby  overcoming  the  sensitivity  problems  of 
standard  NMR/MRI  techniques One  such  technique  is 
dissolution  dynamic  nuclear  polarization  (d-DNP),151  which 
allows  different  13C-  and  15N-containing  molecules  to  be 
hyperpolarized  and  used  in  biomedical  investigations.16-101 
Alternatively,  methods  involving  parahydrogen-induced 
polarization  (PHIP)111,121  and  signal  amplification  by  rever¬ 
sible  exchange  (SABRE)113141  have  demonstrated  the  ability 
to  provide  significant  polarization  enhancements  using 
simple,  highly  economical  setups;  moreover,  these  parahy- 
drogen-based  methods  are  of  interest  because  they  are  rapid 
(acting  in  seconds  or  tens  of  seconds)  and  can  potentially  have 
high  agent  throughput  with  continuous  agent  generation. 

In  parahydrogen-based  methods,  an  organometallic  cata¬ 
lyst  is  used  to  form  a  coordination  complex  between  the 
parahydrogen  (para-H2)  and  the  target  substrate  molecule:1*1 
In  traditional  PHIP,  this  allows  hydrogenation  of  unsaturated 
bonds  and  hence  a  transfer  of  spin  order  to  the  substrate; 
however  in  SABRE,  spin  order  is  transferred  spontaneously 
through  the  /-coupling  network  without  requiring  permanent 
chemical  change  to  the  substrate. 

Although  great  progress  has  been  achieved  over  a  rela¬ 
tively  short  period  of  time,115-211  a  limitation  that  continues  to 
exist  for  both  PHIP  and  SABRE  is  the  presence  of  the 
organometallic  catalyst  in  the  solution  after  substrate  polar¬ 
ization  has  been  achieved,  hindering  a  number  of  potential 
biological  and  biomedical  applications  that  would  be  affected 
by  such  contamination.  Furthermore,  catalyst  recovery  would 
be  highly  desirable  to  permit  later  re-use.  As  such  there  has 
been  interest  in  developing  approaches  that  use  heteroge¬ 
neous  catalysts  (that  is,  where  the  catalyst  is  in  a  different 
phase  from  the  substrate)  to  combat  these  issues  and  better 
enable  implementation  of  parahydrogen-based  approaches 
for  medical/imaging  applications.  Recent  work  towards 
that  end  includes  the  immobilization  of  homogeneous  com¬ 
plexes  to  solid  supports  for  SABRE122,231  and  for  PHIP117,24,251 
or  supported/bulk  metal/metal  oxide  catalysts  use  for 
PHIP 117,26-291 

The  nature  of  the  hyperpolarized  substrates  is  also 
important.  For  example,  because  of  the  long  spin-lattice 
relaxation  times  (7\)  of  many  heteronuclei,  hyperpolarization 
of  heteronuclear  spins  can  significantly  extend  the  lifetime  of 
the  resulting  non-equilibrium  polarization  compared  to  that 
of  polarized  protons.130,311  Indeed,  recent  demonstrations  of 
hyperpolarization  of  important  nuclei  (with  reduced  detec¬ 
tion  sensitivity  compared  to  *H,  but  often  greater  spectral 
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sensitivity  along  with  much  longer  Tl  values)  as  15N,132  351 
l3C,[' ,36  381 31p,t39^i]  and  even  119Sn  and  29Si[42]  are  reported  for 
both  homogeneous  SABRE1431  and  homogeneous  PHIP;1441 
however,  to  date  the  transfer  of  polarization  to  heteronuclei 
under  heterogeneous  catalytic  conditions  (wherein  the  sub¬ 
strate  is  in  a  different  phase  than  the  catalyst)  was  reported 
only  for  the  PHIP  technique.131,45’461  Nevertheless,  the  intrinsic 
advantages  of  the  SABRE  approach1131  would  make  the 
production  of  heteronuclear  hyperpolarization  via  SABRE 
under  heterogeneous  catalytic  conditions  (that  is,  HET- 
SABRE)122,231  highly  desirable. 

Toward  that  end,  here  we  combine  heterogeneous 
SABRE  with  the  ability  to  polarize  15N  nuclei.  A  signal 
enhancement  of  about  100  was  reached  for  the  15N  resonance 
of  l5N-pyridine  molecules  using  a  novel  heterogeneous 
SABRE  catalyst  (Si02)x(C3H6)NH  Ir(COD)(IMes),  where 
IMes  =  l,3-bis(2,4,6-trimethylphenyl),  imidazole-2-ylidene, 
COD  =  cyclooctadiene. 

The  preparation  of  the  HET-SABRE  catalyst  used  in  the 
present  work  is  briefly  summarized  below:  First,  the  homoge¬ 
neous  SABRE  catalyst  [Ir(COD)(IMes)Cl][471  was  synthe¬ 
sized  as  previously  reported.118,47^91  Then  90  mg  of  this 
[Ir(COD)(IMes)Cl]  powder  and  400  mg  of  3-aminopropyl- 
functionalized  silica  gel  (ca.  40-63  pm;  Millipore-Sigma 
364258)  were  added  in  a  Schlenk  tube  and  dried  under 
vacuum  for  30  min.  After  back-filling  with  argon  gas,  10  mL 
of  dried  and  deoxygenated  benzene  was  transferred  to  the 
Schlenk  tube  via  syringe  and  the  reaction  mixture  was  stirred 
for  24  h.  Three  drops  of  triethylamine  (Millipore-Sigma  121- 
44-8)  were  then  added  to  the  reaction  mixture  with  stirring 
continued  for  an  additional  6  h.  The  solid  material  was 
filtered  and  washed  with  benzene  until  the  supernatant 
solution  was  colorless;  the  catalyst  particles  were  then 
washed  with  methanol  several  times  and  dried  under 
vacuum  for  2  h  to  give  the  pre-activated  heterogeneous 
SABRE  (HET-SABRE)  catalyst  with  tentative  structure 
shown  in  Figure  1. 


Figure  i.  Tentative  HET-SABRE  catalyst  structure  with  the  summary  of 
the  catalyst  synthesis  via  immobilization  of  Ir(COD)  (IMes)CI  to  NH2- 
(CH2)3-modified  silica  particles  (the  COD  is  hydrogenated  during 
activation  and  dissociates  from  the  catalyst). 

To  test  its  viability  to  perform  HET-SABRE,  the  catalyst 
was  first  investigated  to  see  if  it  could  be  used  to  enhance 
II  NMR  signals  of  pyridine.  To  this  end,  10  mg  of  the  HET- 
SABRE  catalyst  was  placed  inside  a  5  mm  NMR  tube  along 


with  15  pL  of  pyridine  dissolved  in  0.5  mL  of  CD3OD. 
Parahydrogen  gas  (75  psi,  enriched  to  50%  para-H2  isomer) 
was  then  bubbled  into  the  reaction  mixture  via  Teflon 
capillary  tubing,  which  extended  to  the  bottom  of  the  NMR 
tube.  After  10  s  of  para-H2  bubbling  within  the  fringe  field  of 
the  NMR  spectrometer  (ca.  tens  of  Gauss),  the  sample  was 
quickly  transferred  to  the  high  field  (9.4  T)  of  an  NMR 
spectrometer  and  enhanced  'H  signals  were  detected  from  the 
free  py  substrate  (Supporting  Information,  Figure  S3). 
Although  the  observed  1 1  polarization  enhancement  (ca. 
2.6-fold)  was  smaller  than  that  achieved  in  previous  HET- 
SABRE  efforts,122,231  the  point  of  this  initial  experiment  was 
merely  to  qualitatively  validate  the  catalyst  for  later  studies  of 
heteronuclear  polarization  enhancement,  and  no  attempt  was 
made  to  improve  the  enhancement  by  optimizing  experimen¬ 
tal  parameters  (such  as  para-H2  fraction,  SABRE  mixing 
field,  temperature,  concentrations).  Nevertheless,  to  ensure 
the  heterogeneous  nature  of  the  observed  IT  polarization 
enhancement,  the  HET-SABRE  catalyst  particles  were 
filtered  out  and  the  experiment  was  repeated  with  the 
supernatant  solution;  no  detectable  1 1  polarization  enhance¬ 
ment  was  observed. 

Observation  of  HET-SABRE  enhancement  of  1 1  NMR 
signals  enabled  the  catalyst  to  be  tested  for  efficacy  in 
generating  heteronuclear  (here,  15N)  polarization  under 
heterogeneous  catalytic  conditions.  Figure  2  shows  successful 
enhancement  of  1SN  NMR  signals  from  l5N-labeled  py  (15N- 
py)  achieved  by  the  so-called  SABRE-SHEATH130’321  (signal 
amplification  by  reversible  exchange  in  shield  enables  align¬ 
ment  transfer  to  heteronuclei)  approach.  Here,  10  mg  of  the 
HET-SABRE  catalyst  was  added  to  a  (protonated)  methanol 
solution  containing  100  mM  15N-py;  the  solvent  was  changed 
to  MeOH  because  of  mild  concern  that  the  quadrupolar  2H 
nuclei  in  solvent  molecules,  which  may  transiently  enter  the 
inner  sphere  of  the  complex,150,511  could  reduce  polarization 
efficiency  inside  the  magnetic  shield. 152-541  A  strong  polarized 
15N  resonance  was  observed  following  30  s  bubbling  of  50  % 
para-H2  inside  a  magnetic  shield  and  rapid  transfer  to  9.4  T 
for  detection  (Figure  2d).  Spectra  resolution  was  sufficient  to 
resolve  the  expected  fine  structure  of  the  15N  spectrum  from 
scalar  couplings  with  neighboring  *H  spins  (Figure  2d,  inset). 
A  corresponding  thermally  polarized  l5N  spectrum  from  the 
sample  is  shown  in  Figure  2  b,  indicating  a  circa  100-fold 
enhancement  for  the  hyperpolarized  signals  in  Figure  2d.  This 
enhancement  value  is  about  2.5  times  higher  than  the  best 
previously  reported  numbers  for  IT  HET-SABRE,1231 
although  the  better  comparison  is  to  the  5-fold  enhancement 
values  in  Ref.  [22] ,  where  the  catalyst  support  particles  were 
closer  in  size  to  those  used  here  (indicating  a  larger  enhance¬ 
ment  than  what  would  be  explained  simply  by  the  circa  10- 
fold  decrease  in  gyromagnetic  ratio  for  1SN  compared  to  *H). 

To  verify  the  heterogeneous  nature  of  the  observed  l5N 
signal  enhancement  in  Figure  2  d,  the  HET-SABRE  catalyst 
was  removed  by  filtration  and  para-H2  was  bubbled  through 
the  supernatant  liquid  under  the  same  experimental  con¬ 
ditions  (including  use  of  the  magnetic  shield).  The  resulting 
spectrum  (Figure  2  c)  exhibits  no  discernible  SABRE  en¬ 
hancement  of  the  15N  signal.  This  lack  of  l5N  SABRE- 
SHEATH  signal  with  the  supernatant  solution  (in  the  absence 
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Figure  2.  a)  The  heterogeneous  SABRE-SHEATH  experiment, 
b)— d)  Selected  1SN  spectra  from  “HET-SABRE-SHEATH”  experiments 
(line  broadening  (l.b.):  10  Hz),  b)  Thermally  polarized  1SN  signal  from 
100  mM  ,sN-py  (10  mg  catalyst/MeOH ;  1  scan),  c)  1SN  NMR  spectrum 
obtained  from  the  supernatant  solution  recorded  after  HET-SABRE 
catalyst  filtration,  but  otherwise  conducted  under  the  same  SABRE- 
SHEATH  experimental  conditions  in  (d).  Note  the  absence  of 
enhanced  1SN  signal  in  (c);  the  absence  of  thermally  polarized  1SN 
signal  similar  to  (b)  is  due  to  the  fact  that  there  is  insufficient  time  for 
the  1SN  spins  of  the  substrate  to  thermally  equilibrate  with  the  NMR 
magnet  during  the  rapid  sample  transfer  from  the  magnetic  shield 
(15N  T,  >  1  min),  d)  HET-SABRE-SHEATH  enhancement  oflsN  signals 
from  the  from  the  15N-py  substrate,  achieved  prior  to  catalyst  particle 
filtration  used  for  (c);  the  inset  shows  the  resolved  1SN  spectrum  from 
free  substrate  (l.b.  =  0.2  Hz). 


of  HET-SABRE  catalyst  particles)  supports  the  conclusion 
that  the  observed  15N  enhancements  are  the  result  of  HET- 
SABRE.  and  not  homogeneous  SABRE  from  leached 
catalyst  moieties. 

Additional  supportive  evidence  comes  from  comparing 
the  1SN  NMR  spectrum  obtained  with  the  present  heteroge¬ 
neous  catalyst  with  a  corresponding  spectrum  obtained  using 
homogeneous  catalysts  (Figure  3).  Whereas  both  15N  NMR 
spectra  show  clear  hyperpolarized  1SN  resonances  assigned  to 
free  l5N-py  substrate,  only  the  solution  containing  the 
homogeneous  catalysts  exhibits  additional  peaks  in  the  240- 
270  ppm  range  peaks  that  are  attributed  to  equatorially  and 
axially  bound  py,  respectively.1301  If  the  enhanced  signal  in 
Figures  2  d  and  3  a  were  obtained  from  leached  homogeneous 
catalyst  moieties,  then  corresponding  peaks  from  catalyst- 
bound  substrate  would  be  expected;  however,  the  peaks  from 


HET-SABRE-SHEATH 


15N  6  (ppm) 


Figure  3.  a)  The  15N  HET-SABRE-SHEATH  result  in  Figure  2d  com¬ 
pared  with  b)  a  corresponding  1SN  SABRE-SHEATH  spectrum  obtained 
with  the  standard  homogenous  catalyst.  The  15N-py  concentrations 
were  100  mM  and  50  mM,  respectively,  and  both  spectra  are  presented 
in  the  same  vertical  scale.  The  inset  shows  the  expected  presence  of 
bound  substrate  resonances  in  the  spectrum  obtained  with  the 
homogeneous  catalyst,  and  the  apparent  absence  of  bound  substrate 
peaks  for  the  heterogeneous  system. 


substrate  bound  to  the  heterogeneous  catalyst  particles  are 
too  weak  (and/or  too  broadened)  to  manifest  significantly  in 
the  observed  spectra  (consistent  with  previous  *H  results  with 
microscale  HET-SABRE  particles).*22*  While  el5N  ~  100  fold  is 
about  10  times  lower  than  that  using  homogeneous  variant  of 
this  catalyst  (when  taking  into  account  para-H2  enrich¬ 
ment),*321  no  temperature  or  field  optimization  was  performed 
here.  Indeed,  when  the  homogeneous  catalyst  was  used  for 
these  experiments  (Figure  3b),  it  showed  about  4  times  better 
SABRE  polarization  performance  with  50  mM  15N-py.  We 
anticipate  that  future  optimization  of  temperature,  SABRE- 
SHEATH  field,  catalyst  to  substrate  ratio,  para-H,  pressure, 
flow  rate,  and  so  on  will  allow  for  significant  improvement  of 
the  performance  of  this  catalyst  material.*33,531 

Finally,  the  HET-SABRE  catalyst  was  also  studied  via 
XPS  and  ICP-MS  (inductively  coupled  plasma  mass  spec¬ 
trometry;  see  the  Supporting  Information).  It  was  shown  by 
XPS  (Figure  SI)  that  the  amount  of  iridium  is  the  same  before 
and  after  catalyst  use  in  the  SABRE-SHEATH  experiments. 
Similarly,  levels  of  Ir  measured  by  ICP-MS  were  similar  for 
a  supernatant  solution  (collected  after  H2  bubbling  and 
subsequent  catalyst  filtration)  and  a  reference  solution  of 
MeOH  and  pyridine  (Supporting  Information,  Figure  S3). 
These  results  thus  provide  additional  support  for  the  strong 
immobilization  of  the  active  (originally  homogeneous)  cata¬ 
lyst  at  the  surfaces  of  the  modified  silica  particles  and  a  lack  of 
leaching  of  the  catalyst  moieties  into  the  solution-and  hence, 
the  conclusion  that  the  enhancement  in  Figure  2  d  is  truly  the 
result  of  a  heterogeneous  catalytic  process. 

In  conclusion,  the  enhancement  of  heteronuclear  (1SN) 
NMR  signals  by  SABRE-SHEATH  under  heterogeneous 
catalytic  conditions  is  reported  for  the  first  time.  A  15N 
polarization  enhancement  of  about  100  is  demonstrated  with 
50%  para-H2  fraction  using  a  novel  HET-SABRE  catalyst 
preparation,  and  NMR  and  XPS  results  are  consistent  with 
the  conclusion  that  the  enhancements  are  the  result  of  the 
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HET-SABRE  effect  and  not  the  result  of  homogeneous 
SABRE  from  any  leached  catalyst  species.  Given  the  fact  that 
a  variety  of  experimental  conditions  were  not  optimized  (for 
example,  support  particle  size  and  catalyst  surface  loading,  in 
addition  to  those  parameters  listed  farther  above),  and  the 
fact  that  enhancements  of  the  same  order  were  observed  for 
the  homogeneous  catalyst  under  the  same  conditions,  much 
larger  l5N  enhancements  are  anticipated  to  result  from 
ongoing  work.  The  catalyst  described  here  also  has  the 
potential  for  future  modifications  to  render  its  hyperpolari¬ 
zation  in  aqueous  media,1 2 3 4 5 '55~571  which  is  highly  synergistic  with 
recent  demonstrations  of  lvN  SABRE-SHEATH  in  an 
aqueous  medium158'  and  would  ultimately  pave  the  way  to 
production  of  pure  (from  catalyst)  l5N  hyperpolarized  bio¬ 
molecules  in  aqueous  media  for  biomedical  use.159'  Indeed, 
our  efforts  will  be  directed  not  only  toward  improving 
enhancements  via  such  experimental  optimization,  but  also 
preparation  of  biologically  relevant  agents  (including  the 
targeting  of  other  nuclei),  as  well  as  agent  separation  and  use 
(and  catalyst  re-use)  for  various  biological  or  biomedical 
applications. 
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NMR  hyperpolarization  techniques  have  the  potential  to 
revolutionize  the  field  of  NMR  spectroscopy  and  molecular  MRI 
because  they  can  transiently  enhance  nuclear  spin  polarization 
by  4-8  orders  of  magnitude,  with  corresponding  gains  in  NMR 
signal-to-noise  ratio  (SNR).  The  SABRE-SHEATH  (Signal  Amplifi¬ 
cation  By  Reversible  Exchange  in  SHield  Enables  Alignment 
Transfer  to  Heteronuclei)  technique,  first  demonstrated  in  2015, 
allows  for  direct,  efficient  (>20%  nuclear  spin  polarization),  and 
fast  (in  under  one  minute)  hyperpolarization  of  15N  sites.  Several 
classes  of  biologically  relevant  ,5N  hyperpolarized  contrast 
agents  have  been  efficiently  hyperpolarized  to  date  including 
pH  sensors,  which  can  be  potentially  useful  for  non-invasive  pH 
imaging  of  cancer  and  other  diseases  with  altered  metabolism. 
Here,  we  report  the  optimized  15N  enrichment  of  imidazole-15N2 
-  a  promising  in  vivo  pH  sensor  with  pKa  ~  7.0.  A  hyper¬ 
polarized  0.1  M  aqueous  solution  (e15N  -  146,000  fold,  P15N  ~ 
0.24%)  was  used  to  record  15NNMR  spectra  at  0.05  T, 
demonstrating  the  feasibility  of  high-resolution  (full  width  at 
half  maximum  ~  1  Hz  corresponding  to  5  ppm  at  0.05  T)  NMR 
spectroscopy  near  its  pKa  (7.0)  at  ultra-low  magnetic  field. 
Given  that  proton-binding  events  modulate  the  chemical  shift 
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by  ~  30  ppm  for  this  pH-sensing  probe,  our  results  demonstrate 
the  feasibility  of  ultra-low-field  pH  sensing  near  its  pKa  (7.0) 
with  SNR  approaching  that  of  high-field  (9.4  T)  MR. 

NMR  hyperpolarization  can  increase  nuclear  spin  polarization 
by  4-8  orders  of  magnitude,  depending  on  the  detection 
magnetic  field  and  the  type  of  nuclear  spin.111  The  concomitant 
gains  in  the  signal-to-noise  ratio  (SNR)  enable  new  applications 
of  NMR  and  MRI.121  Importantly,  the  biomedical  applications  of 
hyperpolarized  (HP)  NMR  and  MRI  have  been  the  main  driving 
force  behind  the  development  and  the  refinement  of  hyper¬ 
polarization  techniques  to  date.Ilf,2bl  Signal  Amplification  By 
Reversible  Exchange  (SABRE),  pioneered  by  Duckett,  Green,  and 
co-workers  in  2009, 1 131  is  one  of  the  newest  hyperpolarization 
techniques.  This  technique  is  based  on  the  Parahydrogen 
Induced  Polarization  (PHIP)[4]  effect  pioneered  by  Bowers  and 
Weitekamp.151  While  SABRE  was  originally  demonstrated  for 
proton  hyperpolarization,  the  in  vivo  proton  spin-lattice  relaxa¬ 
tion  time  constant  7,  is  generally  significantly  shorter  than  T/s 
of  heteronuclei  (e.g.,  13C  and  15N):  i.e.  seconds  vs.  minutes.161 
Recently,  direct  hyperpolarization  of  longer-lived  15N  and  ,3C 
sites  in  biomolecules  has  been  demonstrated  using  the  SABRE- 
SHEATH  (SABRE  in  SHield  Enables  Alignment  Transfer  to 
Heteronuclei)  technique.171  The  ,5N  SABRE-SHEATH  process  is 
very  efficient,  and  15N  polarization  exceeding  20%  in  ~1  minute 
has  already  been  demonstrated.181  The  SABRE-SHEATH  techni¬ 
que  has  been  already  successfully  applied  to  pH  sensors,191  and 
HP  imidazole-15N2[10!  is  one  of  the  leading  compounds  for 
potential  in  vivo  applications  such  as  pH  imaging  of  cancer  and 
other  diseases  using  HP  contrast  agents.1"1 

From  a  chemical  synthesis  perspective,  the  design  of  15N  HP 
contrast  agents  offers  additional  benefits  over  13C:  isotopic 
enrichment  is  often  considerably  more  straightforward  for  ,5N 
heterocycles  and  others  (especially  in  the  biological  context 
because  many  biologically  relevant  biomolecules  contain 
heterocycles:  B  vitamins,  DNA  bases,  etc.),1121  and  the  source  of 
15N  enrichment  (i.e.  ,5NH4CI)  is  cheap  (<$20/g).  Moreover,  ,SN 
may  also  offer  greater  7,  lifetimes  compared  to  those  of  ,3C 
nuclei:  up  to  -10  minutes,1131  which  can  be  additionally 
increased  via  the  use  of  long-lived  spin-states1141  (up  to  20 
minute  relaxation  time  constants  have  been  already  demon¬ 
strated1151).  Furthermore,  low-field  detection  of  HP  contrast 
agents  can  yield  more  SNR  compared  to  the  high-field 
detection.1161  Therefore,  HP  low-field  Magnetic  Resonance  (MR) 
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is  a  new  frontier  that  can  offer  greater  detection  sensitivity  at  a 
fraction  of  the  high-field  MR  cost  and  specific  absorption 
rate.1171  Importantly,  some  HP  contrast  agents  (including  a  small 
number  of  15N  contrast  agents1151)  exhibit  longer  lifetimes  and  T, 
at  low  magnetic  fields,  which  is  advantageous  in  the  context  of 
biomedical  applications1181  because  it  would  offer  longer  time 
windows  for  penetration  of  biochemical  pathways  and  for  MR 
detection.™ 

Here,  we  report  a  robust  synthetic  procedure  for  prepara¬ 
tion  of  isotopically  enriched  imidazole-15N2  and  investigate  the 
feasibility  of  high-resolution  15N  spectroscopy  of  aqueous 
solutions  of  15N  HP  imidazole-15N2  near  its  pKa  (-7.0)  at  0.05  T, 
an  ultra-low  field  (ULF)  from  the  perspective  of  clinical 
imaging.1 1,761  The  demonstrated  spectral  resolution  of -1  Hz  (full 
width  at  half  maximum,  FWHM)  is  sufficient  for  future  use  of 
this  potent  HP  contrast  agent  as  a  pH  sensor. 

One  potential  drawback  of  direct  15N  detection  is  a 
relatively  low  gyromagnetic  ratio  (y)  of  15N  nucleus  with  y15N 
being  approximately  y1H/1 0.  Since  the  detection  sensitivity  in 
conventional  (i.e.  non-hyperpolarized)  NMR  scales  with  y3  due 
to  (i)  equilibrium  nuclear  spin  polarization,  which  is  linearly 
proportional  to  y,  (ii)  dipole  moment  and  (iii)  resonance 
frequency  co0,  which  is  also  linearly  proportional  to  y,[191  nuclear 
spin  hyperpolarization  can  only  help  overcoming  the  contribu¬ 
tion  due  to  nuclear  spin  polarization.  As  a  result,  even  when 
hyperpolarization  is  employed,  y2  dependence  generally  re¬ 
mains.  Various  approaches  to  maximize  SNR  in  NMR  have  been 
developed  through  more  intelligent  design  of  the  NMR 
detectors  (i.e.  radio-frequency  (RF)  coils).  In  our  previous  work, 
we  have  shown  that  low-frequency  RF  coils  can  benefit 
significantly,  by  maximizing  the  use  of  the  conductor  length; 
and  as  a  result  of  such  optimization,  it  is  possible  to  mitigate 
the  resonance  frequency  factor  (mentioned  above)  to  the 
power  of  y4.[16al  So,  for  the  same  kind  of  HP  nuclei  (i.e.  with 
identical  y),  the  overall  detection  sensitivity  of  NMR  experiment 
(i.e.  signal-to-noise  ratio  or  SNR)  can  generally  scale  as  (o0,/4  or 
gy/4[i6a,2oi  Moreover,  several  works  in  the  field  of  LF  MRI  (<5 
MHz)  have  demonstrated  that  the  use  of  Litz1211  and  super¬ 
conducting1221  wire  can  completely  negate  and  potentially 
overpower  the  nominal  ct>0,/4  or  B0,/4  dependence,  thereby 
making  LF  detection  of  HP  compounds  more  sensitive  than 
that  using  conventional  high-field  detection.11631  However,  as 
described  above  dipole  moment  of  low-gamma  nuclei  such  as 
15N  studied  here  makes  ,SN  detection  significantly  less  sensitive 
than  that  of  'H  by  at  least  a  factor  of  y5/4.[20]  A  solution  to  this 
challenge  is  indirect  'H  detection  of  HP  compounds,1231  which 
has  been  successfully  demonstrated  for  HP  15N  choline.1241  This 
approach  has  been  extended  to  imaging1251  and  more  recently 
to  MRI  of  the  leading  HP  contrast  agent  ,3C  hyperpolarized 
pyruvate  in  vivo.1261 

The  overall  synthesis  of  imidazole-15N2  is  shown  in  Sche¬ 
me  la,  and  the  detailed  reaction  mechanism  is  shown  in 
Scheme  1b.  The  mechanism  of  imidazole-15N2  formation  follows 
a  typical  acid  catalyzed  imine  formation,  which  relies  on  the  H  + 
activation  of  carbonyls.  The  preparation  allows  for  convenient 
15N  enrichment  of  both  ,5N  sites  using  15NH4CI  as  the  ,5N 
isotope  source.  The  overall  preparation  is  based  on  previous 
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Scheme  1.  Preparation  scheme  of  imidazole-,5N2.  a)  overall  reaction  scheme; 
b)  detailed  reaction  mechanism. 


work;1271  however,  we  found  that  the  procedure  developed  by 
Alei  and  co-workers[27al  was  challenging  to  reproduce.  The  key 
steps  of  our  procedure  (Scheme  1)  include  (i)  cyclization  under 
acidic  rather  than  basic  reaction  conditions,  (ii)  use  of  a  slight 
excess  of  readily  available  15NH4CI,  and  (iii)  use  of  a  sublimation 
setup.  The  described  simple  and  robust  synthesis  offers  the 
following  advantages  with  respect  to  the  recently  described 
procedure:127111  (i)  the  use  of  significantly  simpler  sublimation 
hardware  (i.e.  1  mbar  vs.  1CT3  mbar),  (ii)  the  use  of  milder 
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reaction  conditions  (i.e.  75  °C  vs.  90  °C)  and  the  use  of 
potassium  bicarbonate  vs.  potassium  hydroxide  for  the  neutral¬ 
ization  step,  and  (iii)  ~  50-fold  greater  production  scale  (~ 
0.25  mmol  vs.  -0.005  mmol).  All  synthetic  details  are  provided 
in  the  Supporting  Information  (SI). 

The  material  synthesized  in  this  fashion  was  used  to  study 
the  feasibility  of  high-resolution  ultra-low-field  15N  NMR  spectro¬ 
scopy  using  an  80  cm-gap  permanent  MRI  magnet  with  B0 
homogeneity  <  19  ppm  over  a  40  cm-diameter  of  spherical 
volume  (DSV).  A  home-built  single-channel  RF  probe  was  used 
to  record  15N  signals  with  a  Kea2  NMR  spectrometer  (Magritek, 
Wellington,  New  Zealand)  at  a  15N  resonance  frequency  of  210 
kHz  (see  SI  for  details).  15N  hyperpolarization  was  performed  as 
described  previously1101  using  samples  of  the  IrlMes  SABRE 
catalyst1281  in  a  5  mm  NMR  tube  high-pressure  setup1291  at  a 
magnetic  field  for  polarization  transfer  BT  <  1  pT  using  a 
magnetic  field  shield[7a,bI  (Figure  la)  or  in  situm  at  BT  -  0.05  T  in 
the  MRI  magnet.  The  latter  conditions  are  suitable  for  hyper¬ 
polarization  of  the  imidazole  protons  by  traditional  SABRE, 
where  the  polarization  transfer  is  spontaneous  (i.e.  performed 
in  static  magnetic  field  with  no  RF  pulses),  and  the  resulting 
NMR  line  shape  is  anti-phase,  in  line  with  previous  experiments 
where  polarization  transfer  is  performed  at  the  Earth's  field  or  a 
few  milli-Tesla,  i.e.  the  static  magnetic  field  significantly  exceed¬ 
ing  1  |iT.[7a'bl 

The  ,5N  spectrum  recorded  at  0.05  T  using  SABRE-SHEATH 
hyperpolarization  at  BT  <  1  pT  (Figure  1b)  exhibits  a  multiplet 
due  to  heteronuclear  spin-spin  couplings  between  15N  and 
non-exchangeable  hydrogens  in  the  imidazole  ring  (Figure  1  g). 
The  observed  multiplet  is  in  agreement  with  a  previously 
reported  high-field  study  by  Whaley  and  co-workers:  see 
spectral  simulation  in  Figure  1c.[27al  In  s/fu[30bl  15N  SABRE  hyper¬ 
polarization  inside  the  0.05  T  magnet  yielded  the  15N  spectrum 
(Figure  Id)  exhibiting  an  anti-phase  multiplet.  While  the  in  situ 
15N  hyperpolarization  yielded  a  spectrum  with  lower  SNR  than 
that  of  the  spectrum  shown  in  Figure  1b,  it  offers  a  convenient 
means  for  optimization  of  some  SABRE-SHEATH  parameters: 
e.g.  temperature,  parahydrogen  (para-H2)  pressure,  etc.  (assum¬ 
ing  that  these  parameters  are  not  field  dependent,  i.e.  the 
same  in  micro-  and  milli-Tesla  regimes  respectively),  because 
the  sample  stays  in  the  RF  coil,  and  it  may  be  continuously  re- 
hyperpolarized.[30b'311 

The  15N  multiplet  shown  in  Figure  1b  (and  also  simulated  in 
Figure  1c)  has  a  FWHM  of  -  1  Hz  for  the  central  peak 
corresponding  to  -  5  ppm  at  210  kHz  resonant  frequency. 
While  proton  continuous  wave  (cw)  decoupling  was  not 
available  for  our  experimental  purposes,  we  simulated  this 
condition  for  protonated  and  non-protonated  imidazole-15N2 
forms  corresponding  to  acidic  (below  pKa)  and  basic  (above 
pKa)  conditions  in  Figure  1e.  CW  proton  decoupling  effectively 
removes  NMR  line  splitting  originating  from  15N-’H  spin-spin 
couplings.  The  simulated  spectra  clearly  indicate  that  HP  15N 
spectroscopy  can  be  potentially  employed  to  differentiate 
chemical  shifts  of  the  protonated  and  non-protonated  forms  of 
aqueous  imidazole-15N2  for  pH  sensing  purposes.  We  estimate 
the  spectral  resolution  of  -0.5  Hz  (equivalent  to  -2.5  ppm) 
corresponds  to  a  sensitivity  (i.e.  resolution)  of -0.1  units  of  pH 
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Figure  1.  a)  Schematic  diagram  of  the  SABRE-SHEATH[7al  experimental  setup, 
which  was  connected  to  a  home-built  parahydrogen  generator  (producing 
-80%  poroM2  fraction)  located  near  a  -0.05  T  MR  instrument  (-210  kHz  15N 
resonance  frequency)  for  15N  signal  detection,  b)  15N  NMR  spectrum  of 
-100  mM  imidazole-15N2  hyperpolarized  using  the  SABRE-SHEATH  procedure 
(hyperpolarization  ex  situ  at  BT  <  1  (iT;  catalyst  concentration  is  -  5  mM,  see 
SI  for  details):  note  the  multiplet  splittings  due  to  spin-spin  coupling 
between  15N  and  ’H  spins.[27al  c)  Theoretically  calculated  15NNMR  spectrum  of 
imidazole-15N2.  NMR  parameters  were  taken  from  Ref.  #  [27al.  Note  that  the 
small  difference  between  experimental  and  simulated  NMR  multiplet  peaks 
in  (b)  and  (c)  is  likely  due  to  the  deviation  of  polarization  distribution  induced 
by  the  SABRE-SHEATH  process,  d)  15NNMR  spectrum  of  imidazole-15N2 
hyperpolarized  using  the  SABRE  procedure  (hyperpolarization  in  situ  at  BT~ 
0.05  T).  e)  Simulated  15NNMR  spectra  of  imidazole-15N2  under  the  conditions 
of  continuous  ’H  decoupling  for  deprotonated  (blue)  and  protonated  (red) 
forms  of  the  molecule  corresponding  to  basic  and  acidic  solutions,  i.e.  above 
and  below  pKa  of -7.0  respectively,  f)  Temperature  dependence  of  the  15N 
SABRE-SHEATH  signal  intensity  integrated  over  the  full  spectrum,  and  in 
which  the  spectral  structure  and  relative  peak  amplitudes  do  not  vary  from 
one  temperature  point  to  the  next),  g)  Molecular  structure  of  imidazole-15N2 
at  pH  above  pKa  (-7.0):  note  that  one  proton  (gray)  is  in  fast  exchange 
between  two  nitrogen-15  sites. 
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near  the  pKa  value  of  -7.0.  We  note  that  the  susceptibility- 
induced  magnetic  field  gradients  typical  for  in  vivo  conditions 
will  likely  have  a  negligible  effect  at  this  low  magnetic  field, 
and  the  above  estimate  for  sensitivity  of  pH  will  likely  be  valid 
for  future  in  vivo  investigations. 

The  HP  solution  studied  contained  -82%  aqueous 
phosphate  buffer  (pH  =  10,  EMD  Millipore  Corporation,  BX1642- 
1,  0.3  mL),  -18%  methanol  (see  SI)  and  -100  mM  imidazo- 
le-15N2.  Compared  to  the  previous  HP  SABRE-SHEATH  studies  in 
neat  methanol-d4  solvent™;  whereas  that  original  solution 
yielded  the  maximum  15N  hyperpolarization  near  room  temper¬ 
ature,  this  solution  yielded  a  clear  maximum  at  -60  °C 
(Figure  1  f).  The  maximum  ,5N  signal  enhancement  (e15N) 
achieved  was  ca.  146,000  fold  at  0.05  T  using  80%  para- H2 
(Figure  1b),  corresponding  to  P15N  -  0.24%.  The  enhancement 
and  polarization  values  were  calculated  using  a  separate 
reference  HP  sample  of  imidazole-15N2  at  0.05  T  and  9.4  T  and 
comparing  it  to  the  signal  from  a  thermally  polarized  sample  of 
3.2  M  15NH4CI  in  D20  at  9.4  T  with  known  ,5N  nuclear  spin 
polarization  (Figure  2;  see  SI  for  details). 
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Figure  2.  ,5N  NMFt  spectroscopy  at  9.4  T and  1 .4  T.  The  same  experimental 
conditions  (i.e.,  catalyst,  imidazole-15N2  concentration,  etc.)  were  used  except 
for  p-H2  fraction  (-50%  vs.  -80%  used  in  Figure  1 .  a)  ,5N  NMR  spectrum  of 
imidazole-15N2  hyperpolarized  using  the  SABRE-SHEATH  procedure  (hyper¬ 
polarization  at  Bt  <  1  p,T)  with  the  detection  at  9.4  T  (Bruker  Avance  III  NMR 
spectrometer),  b)  15NNMR  spectrum  of  a  thermally  polarized  signal  reference 
sample  (3.2  M  ,5NH4CI  in  D20)  with  detection  at  9.4  T  (Bruker  Avance  III  NMR 
spectrometer),  c)  15NNMR  spectrum  of  imidazole-,5N2  hyperpolarized  using 
SABRE-SHEATH  procedure  (hyperpolarization  at  BT  <  1  |iT)  with  the  detection 
at  1.4  T  (Nanalysis  NMReady-60PRO  spectrometer),  d)  ,SN  NMR  spectrum  of 
thermally  polarized  signal  reference  sample  (3.2  M  15NH4CI  in  D20)  using  64 
scans  (Nanalysis  NMReady-60PRO  spectrometer).  See  SI  for  additional  details. 


Despite  the  relatively  low  P15N  achieved  in  this  study 
compared  to  some  of  our  other  recent  work,  it  was  sufficient  to 


achieve  15N  spectra  with  good  SNR  (ca.  150)  using  a  single  scan. 
Significantly  greater  P15N  can  be  potentially  achieved  using  ,5N 
SABRE-SHEATH  through  optimization  of  experimental  condi¬ 
tions:1™321  the  use  of  near  100%  p-H2/[331  optimization  of  static 
magnetic  field  during  polarization  transfer  in  micro-Tesla  field 
regime, 18,341  increasing  p-H2  pressure  (with  corresponding 
increase  of  H2  concentration  in  aqueous  solution)  and  p-H2  flow 
rate,191  and  others.1351  As  a  result  of  such  future  improvements, 
low-field  hyperpolarized  15NNMR  is  a  potentially  very  promising 
frontier.  Because  there  are  no  other  (known  to  us)  low-field  ,5N 
reports  (i.e.  at  B0  <  1  T),  we  used  this  experiment  to  compare 
15N  detection  sensitivity  of  the  HP  state  at  high  (9.4  T), 
intermediate  (1.4  T),  and  very  low  (0.05  T)  magnetic  fields. 
Figure  2  shows  the  corresponding  15N  spectra  obtained  at  9.4  T 
and  1.4  T  using  two  different  NMR  spectrometers.  We  have 
used  the  thermally  polarized  sample  (with  known  values  of 
equilibrium  P15N  of  3.3-1 0  4  %  and  4.9-1  CT 5  %  at  9.4  T  and  1.4  T 
respectively)  of  3.2  M  15NH4CI  in  D20  as  a  signal  reference  to 
determine  e15N  (-900  and  -2,800)  and  P15N  (0.29%  and  0.14%) 
of  HP  imidazole-15N2  samples  studied  at  these  two  fields. 
Because  P15N  values  were  very  similar  at  0.05  T  and  9.4  T  (0.24% 
vs.  0.29%),  the  detection  sensitivity  or  SNR  can  be  easily 
compared.  15N  detection  at  9.4  T  provided  - 1 0-fold  greater  SNR 
compared  to  that  at  0.05  T.  In  part,  the  greater  detection 
sensitivity  is  explained  by  ~2-fold  smaller  diameter  of  the  RF 
coil  (i.e.,  a  2-fold  better  filling  factor,  resulting  in  a  correspond¬ 
ing  factor  of -2  greater  sensitivity1191)  and  a  factor  of  1.2  greater 
15N  spin  polarization  (0.29%  vs.  0.24%).  When  these  factors  are 
taken  into  account,  the  SNR  was  effectively  -4  times  greater  at 
9.4  T  vs.  0.05  T.  The  latter  is  in  good  agreement  with  our  theory 
predicting  B01/4  dependence  of  SNR  for  HP  contrast  media 
under  conditions  where  the  nuclear  spin  polarization  is  not 
induced  by  the  applied  field,  but  created  via  hyperpolarizatio- 
n.[16al  This  result  is  remarkable  in  the  context  of  the  presented 
NMR  spectra,  because  it  demonstrates  that  ULFNMR  can, 
perhaps  counter  to  intuition,  provide  the  benefits  of  high- 
resolution  and  high-sensitivity  detection  in  the  context  of  HP 
contrast  agents — all  while  still  providing  useful  spectral 
sensitivity  to  local  chemistry  as  well.  We  hope  that  future 
optimization  work  will  allow  us  to  further  enhance  the 
detection  SNR  through  not  only  improving  15N  polarization,  but 
also  by  decreasing  the  RF  coil  diameter  and  the  implementa¬ 
tion  of  recently  developed  external  high-quality-factor  resona¬ 
tors  for  ULFNMR.1361 

The  detection  at  1.4  T  was  performed  using  hardware  that 
has  only  recently  become  available  to  us,  and  it  was  not 
optimized.  As  a  result  the  SNR  (-42)  was  significantly  lower 
than  that  at  9.4  T  and  0.05  T.  While  future  optimization  work 
will  hopefully  improve  the  SNR,  it  should  be  emphasized  that 
this  is  a  bench-top  portable  spectrometer  offering  a  tremen¬ 
dous  advantage  of  streamlined  workflow  in  the  chemistry  lab 
for  development  and  optimization  of  SABRE-SHEATH  hyper¬ 
polarization,  because  the  prepared  samples  can  be  tested 
immediately  in  the  lab  with  little  preparation.  It  is  also 
noteworthy  to  emphasize  the  effective  15N  line  width  improve¬ 
ment  at  1 .4  T  vs.  9.4  T  of  the  HP  imidazole-15N2,  which  is  not  the 
result  of  better  B0  homogeneity  at  1.4  T.  Instead,  the  NMR  line 
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width  is  the  manifestation  of  the  chemical  exchange  of  the 
hopping  proton  (Figure  1  g).[101  The  effect  of  this  exchange  is 
further  reduced  at  0.05  T  (the  sample  is  satisfying  the  NMR 
conditions  of  fast  exchange  at  such  low  fields),  which  is 
manifested  in  the  additional  15NNMR  line  narrowing  (Figure  1b) 
compared  to  the  NMR  lines  at  9.4  T  and  1.4  T  (Figures  2a  and 
2c). 

In  conclusion,  a  robust  ,5N  synthetic  enrichment  procedure 
for  production  on  imidazole-,5N2  is  reported  using  an  inex¬ 
pensive  15N  enrichment  source  (15NFH4CI,  <$20/g).  The  resulting 
spin-labeled  material  enabled  15N  SABRE-SFIEATFI  FIPNMR 
studies  at  0.05  T,  1.4  T,  and  9.4  T.  The  feasibility  of  high- 
resolution  15NNMR  spectroscopy  at  0.05  T  is  demonstrated  with 
detection  sensitivity  that  can  potentially  approach  that  of  9.4  T. 
The  feasibility  of  15N  FIPNMR  in  a  bench-top  instrument  allows 
for  convenient  optimization  studies  using  15N  SABRE-SFIEATFI. 
Future  studies  will  need  to  address  other  translational 
challenges  including  increasing  the  15N  polarization  in  aqueous 
solutions,129,35,371  removal  of  the  SABRE  catalyst,  or  developing 
efficient  heterogeneous  SABRE  catalysts  for  preparation  of  pure 
aqueous  FHP  solutions1381  of  this  promising  pFH  sensing  probe. 

Supporting  Information  Summary 

Supporting  Information  (SI)  is  available:  experimental  details 
regarding  imidazole-15N2  synthesis,  sample  preparation  and 
SABRE  hyperpolarization  protocol,  high-resolution  NMR  spectra 
of  synthesized  imidazole-15N2,  simulation  of  15NNMR  spectrum 
of  imidazole-15N2,  design  of  radio-frequency  probe  for  ,5N 
experiments  at  0.05  T,  and  calculations  of  P15N  and  e15N  at  9.4  T, 
1.4  T  and  0.05  T. 
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PHIP,  SABRE,  and  SEOP:  Low(er)-Cost  Alternatives  for  the  Rapid  Creation 
of  Pure,  Long-Lived  Hyperpolarized  Agents 
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2Materials  Technology  Center,  SIUC. 

Hyperpolarization1 — the  creation  of  highly  non-equilibrium  nuclear  spin  polarization — has  been  investigated  for  years  as  a 
way  to  dramatically  improve  the  detection  sensitivity  of  NMR  and  MRI.  Potential  biomedical  applications  are  particularly 
exciting,  where  orders-of-magnitude  sensitivity  improvements  can  enable  in  vivo  spectroscopy  and  imaging  (e.g.)  of 
relatively  low-concentration  metabolites  in  tissues  and  gases  in  pulmonary  spaces — including  at  low  magnetic  fields. 
Although  many  hyperpolarization  methods  have  been  developed  and  pursued,  one  approach — dissolution  dynamic  nuclear 
polarization  (d-DNP)12 — has  become  increasingly  dominant  because  of  improved — and  now  commercially  available — 
technology  enabling  preparation  of  hyperpolarized  (HP)  molecules  with  high  (10s  of  percent)  polarizations  in  various 
isotopes  within  a  wide  range  of  chemical  and  biological  systems  (as  well  as  the  means  to  separate  these  HP  compounds 
from  the  auxiliary  substances  needed  for  hyperpolarization  (persistent  radicals  in  the  case  of  d-DNP)) — even  enabling 
clinical  trials  using  metabolic  MRI  contrast  agents.3  However,  the  high  costs  and  infrastructure  associated  with  d-DNP 
technology,  combined  with  relatively  small  amounts  produced  and  slow  agent  production  rates,  present  a  challenge  for 
many  potential  applications  and  sites  considering  implementation  of  hyperpolarization  methodologies. 

Although  possessing  their  own  challenges,  three  other  hyperpolarization  approaches — respectively  dubbed  PHIP,4 
SABRE,5  and  SEOP6--embody  attractive  alternatives  because  of  their  significantly  lower  costs  and  instrumentation 
demands,  much  greater  hyperpolarization  rates  (with  run  times  from  tens  of  minutes  to  seconds — even  allowing  continuous 
agent  production),  and  potential  for  scalability.  In  PHIP  (parahydrogen-induced  polarization)  the  pure  spin  order  from 
parahydrogen  (PH2)  gas  is  transferred  to  a  molecular  substrate — generally  involving  a  catalyst;  whereas  “traditional”  PHIP 
involves  hydrogenation  of  asymmetric  unsaturated  bonds  with  pH2  to  create  hyperpolarization,4  SABRE5  (for  Signal 
Amplification  By  Reversible  Exchange)  allows  the  pH2  spin  order  to  be  transferred  to  a  target  molecule  without  requiring  its 
permanent  chemical  change.  Finally,  SEOP  enables  hyperpolarization  by  irradiating  an  alkali  metal  vapor  with  high-intensity 
circularly  polarized  laser  light  in  the  presence  of  a  target  gas  like  xenon;  although  somewhat  slower  and  more  expensive 
than  PHIP  and  SABRE — and  limited  to  the  production  of  HP  noble  gases — SEOP  now  enables  clinical-scale  production  of 
HP  Xe  with  nuclear  spin  polarization  approaching  unity  (e.g.  Ref. 7). 

This  presentation  will  provide  an  overview  of  recent  examples  from  our  lab’s  various  collaborations  that  endeavor  to  greatly 
expand  the  power  and  reach  of  SABRE,  PHIP,  and  SEOP  by  growing  the  repertoire  of  target  species/agents;  improving 
biological  compatibility;  increasing  polarizations,  amounts,  and  hyperpolarization  lifetimes  of  agents;  and  improving  the  cost 
and  ease-of-use  of  associated  technologies.  For  example,  a  collaboration  with  the  labs  of  Eduard  Chekmenev  (Vanderbilt) 
and  Igor  Koptyug  (ITC  Novosibirsk,  as  well  as  scientists  from  Novosibirsk's  Boreskov  Institute  of  Catalysis)  has  recently 
demonstrated  successful  transfer  of  PHIP  hyperpolarization  to  heteronuclei  using  heterogeneous  catalysts  and  a  simple 
magnetic  shield-including  within  aqueous  solutions,  where  hyperpolarized  15N  Ti  values  of  up  to  -500  s  were  measured.8 
Next,  following  our  recent  work  demonstrating  heterogeneous  (HET)  SABRE  (to  potentially  enable  preparation  of  pure  HP 
agents  following  catalyst  separation,  as  well  as  catalyst  reuse),  this  collaboration  has  developed  new  HET-SABRE  catalysts 
and  extended  the  approach  to  enhancing  15N  spin  polarization  using  a  magnetic  shield  to  facilitate  rapid  and  efficient  1H- 
15N  polarization  transfer — an  approach  based  on  that  recently  developed  in  a  collaboration  with  the  Chekmenev  lab  and 
Warren  Warren  and  Thomas  Theis  of  Duke  (previously  demonstrating  efficient  generation  of  -1 0%  polarization  in  15N  spins 
under  homogeneous  catalytic  conditions11-13).  Indeed,  under  such  conditions  this  SABRE  approach  has  recently  been  used 
to  demonstrate  high  15N  polarizations  in  biologically  relevant  substrates  that  may  be  useful  for  both  pH  and  hypoxia  sensing 
/  mapping  in  v/Vo.1415  Other  recent  improvements  under  homogeneous  conditions  include  expanding  SABRE  to  aqueous 
conditions16  and  taking  the  amenable  substrates  of  SABRE  beyond  nitrogen  heterocycles.17  Finally,  as  time  permits  the 
efforts  of  our  ongoing  SEOP  collaboration  with  the  Chekmenev  Lab,  Mike  Barlow  (Nottingham),  and  Matt  Rosen  and  Sam 
Patz  (Harvard)  will  be  discussed,  including  efforts  to  improve  xenon  hyperpolarization  technologies  (following  the 
development  of  our  open-source  clinical-scale  xenon  “hyperpolarizer”7),  to  yield  greater  automation,  ease  of  use,  and 
polarizer  performance,  as  well  as  more  fundamental  efforts  to  better  understand  SEOP  processes  under  the  demanding 
conditions  of  high  Xe  densities  and  resonant  laser  flux  while  hyperpolarizing  both  xenon-129  and  xenon-131 — the  latter 
being  an  isotope  attracting  increasing  interest  for  neutron  scattering  experiments  probing  fundamental  symmetries. 

Funding.  NSF  (CHE-1416432,  CHE-1416268)  NIH  (1R21EB018014  &  1 R21 EB020323),  DoD  (CDMRP  BRP  W81XWH- 
12-1  -01 59/BC1 12431,  &  PRMRP  W81XWH-15-1-0271  &  W81XWH-1 5-1 -0272),  &  SIUC  MTC. 
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Potential  For  High-Resolution  Hyperpolarized  In  Vivo  Metabolic 
Heteronuclear  Spectroscopy  At  Low  Magnetic  Fields 
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Background  and  Significance 

The  emergence  of  several  hyperpolarization  techniques  enhancing  the  detected  signal  from  nuclear  spins 
by  orders  of  magnitude  have  led  to  a  wealth  of  opportunities  to  pursue  in  the  developing  arena  of  high 
sensitivity  magnetic  resonance  research.  In  non-hyperpolarized  methods,  the  magnetic  field  strength  of 
the  detection  magnet  serves  to  polarize  the  nuclear  spins  (usually  protons)  with  polarization  levels  of  ^3.5 
ppm/Tesla  constraining  the  detection  limit  to  large  ensembles  of  nuclear  spins  (conventionally  bulk  water 
in  clinical  MR  applications).  Hyperpolarization  techniques,  however,  produce  spin  polarization 
independent  of  the  readout  magnet,  and  therefore,  they  provide  freedom  to  select  a  magnetic  field 
strength,  and  correspondingly  a  detection  frequency,  optimized  to  the  nucleus  observed  and  the  dielectric 
properties  of  the  sample.  Of  particular  interest  is  the  quickly  developing  frontier  of  low-field  magnetic 
resonance  (NMR)  and  imaging  (MRI),  due  to  its  strongly  complementing  the  study  of  hyperpolarized  (HP) 
nuclei,  and  its  potential  for  application  in  areas  of  study  including  heteronuclear  spin-labeled  metabolites 
or  other  contrast  agents  at  low  concentrations. 


Approach  and  Results 

High-resolution  13C  NMR  spectroscopy 
of  hyperpolarized  succinate-1 -13C  was 
been  performed  in  vitro  and  in  vivo 
using  a  clinical-scale,  biplanar  (80  cm- 
gap)  48.7  mT  permanent  magnet  with 
a  high  homogeneity  magnetic  field. 
Non-localized  T3C  NMR  spectra  were 
recorded  in  vivo  at  0.52  MHz 
resonance  frequency  over  the  torso  of 
a  tumor-bearing  mouse  every  2 
seconds.  Hyperpolarized  13C  NMR 
signals  with  linewidths  of  -3  Hz 
(corresponding  to  ~6  ppm)  were 
recorded  in  vitro  (2  mL  in  a  syringe) 
and  in  vivo  (over  a  mouse  torso). 
Comparison  of  the  full  width  at  half 
maximum  (FWHM)  for  13C  NMR 
spectra  acquired  at  48.7  mT  and  at  4.7 
T  in  a  small-animal  MRI  scanner 
demonstrates  a  factor  of  ~12 
improvement  for  the  13C  resonance 
linewidth  attainable  at  48.7  mT 
compared  to  that  at  4.7  T  in  vitro.  13C 
HP  succinate-1 -13C  in  vivo  resonance 
linewidths  are  at  least  one  order  of 
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Figure  1.  HP  129Xe  produced  by  a  fully  automated,  stopped-flow  regime 
clinical-scale  polarizer  or  HP  13C  metabolic  tracers  by  a  fully  automated, 
PHIP  polarizer  can  be  used  to  obtain  metabolic  information  regarding 
various  bodily  tissues  with  high  spectroscopic  resolution  at  low  magnetic 
fields  (e.g.  48.7  mT)  given  a  magnet  with  sufficient  60  homogeneity  (e.g. 
~13  ppm  over  40  cm  DSV). 


magnitude  narrower  at  48.7  mT  compared  to  those  observed  in  high-field  (>  3  T)  studies  employing  HP 
contrast  agents.  The  high-resolution  13C  in  vivo  spectroscopy  demonstrated  could  be  useful  for  high- 
sensitivity  spectroscopic  studies  involving  monitoring  HP  agent  uptake  or  detecting  metabolism  using  HP 
contrast  agents  with  sufficiently  large  13C  chemical  shift  differences.  For  HP  129Xe,  the  FWHM  was  -6  Hz 
when  dissolved  in  toluene  and  -3.1  Hz  in  the  gas  phase.  For  an  imaging  matrix  of  256>«256,  2*FWHM  for 
the  dissolved  129Xe  (i.e.  12  Hz)  yields  an  acquisition  spectral  width  (SW)  and  effective  coil  bandwidth 
requirement  of  -3  kHz,  meaning  the  maximum  permitted  coil  quality  factor  Q  for  imaging  is 
Q( 256x256)  =  B1/SW  =  573/3  =  191.  A  129Xe  surface  coil  for  human  imaging  has  been  constructed  with 
Qoaded  =  126  (and  QUnioaded  =  156)  when  tuned  and  matched  to  the  loaded  condition. 


3rd  Generation  Fully-Automated  Stopped  Flow  Xenon-129 

Hyperpolarizer 

Panayiotis  Nikolaou,  Aaron  M.  Coffey,  Eduard  Y.  Chekmenev 

Background  and  Significance 

Over  the  last  two  decades  there  have  been  many  advances  in  the  field  of  hyperpolarized  (HP)  noble  gas 
production  and  imaging,  largely  enabled  by  the  development  of  low-cost,  high-power  frequency-narrowed 
laser  diode  arrays  (LDAs)  and  the  improvement  of  129Xe  polarizer  technology  in  general.  These  recent 
developments  in  the  field  make  HP  129Xe  an  attractive  and  feasible  diagnostic  tool  for  a  variety  of  potential 
biomedical  applications.  In  particular,  our  team  along  with  our  collaborators  previously  has  developed  two 
generations  of  clinical-scale  hyperpolarizers:  an  “open-source”  prototype,  and  our  “3D-printed” 
hyperpolarizer--each  improving  on  the  previous  generation,  with  the  ultimate  goal  to  develop  a  relatively 
low-cost,  high-capacity  129Xe  hyperpolarizer  with  fully  automated  operation  that  can  deliver  near-unity 
129Xe  nuclear  spin  polarization — making  it  attractive  for  both  biomedical  and  basic  research  (including  for 
potential  clinical  use). 

Methods 

The  new  XellS  polarizer  operates  using  a  positive-pressure  gas  manifold 
with  a  pre-mixed  129Xe/N2  gas  cylinder  (e.g.,  using  a  50:50  mix  or  other 
compositions),  which  is  employed  to  load  a  0.5  L  OP  cell  to  >2000  Torr  total 
gas  pressure.  This  design  allows  the  hyperpolarizer  to  generate  up  to  1 
L/cycle  of  HP  129Xe  mixture  every  ~30  minutes.  The  device  chassis  is 
relatively  compact:  0.55  m  (width)  x  1 .25  m  (length)  x  1 .35  m  (height),  and  the 
hyperpolarizer  runs  on  a  dedicated  single  220  V  (20  Amp)  circuit.  This  device 
utilizes  a  micro-channel  cooled  795  nm,  180  W  LDA  module  (QPC  Lasers) 
with  spectral  width  (FWHM)  of  <0.2  nm,  and  with  2”  expanding  telescope 
optics  to  provide  homogeneous  illumination  of  the  OP  cell.  The  new  design 
employs  an  aluminum  heating  jacket  (vs.  circulating  air)  that  has  direct 
thermal  contact  with  the  OP  cell  housed  within  it,  which  in  turn  is  aligned 
concentrically  to  the  laser.  The  aluminum  jacket  offers  several  advantages 
over  a  conventional  forced-air  oven:  (i)  it  heats  and  cools  the  OP  cell 
significantly  faster,  thus  reducing  polarization  cycle  times,  (ii)  it  provides  rf- 
shielding  for  the  integrated  40  kHz  in-situ  NMR  coil,  (iii)  it  eliminates  the  need 
for  additional  windows  typically  used  in  forced-air  SEOP  ovens  (which  can  cause  small  but  undesirable 
losses  in  laser  intensity),  and  (iv)  allows  for  more  compact  integration  of  in-situ  near-IR  and  NMR  sensors. 
The  entire  optical  path  resides  in  a  “light-tight”  portion  of  the  chassis. 

Instead  of  using  multiple  large  coils  (e.g.  Helmoltz  coil  pair),  this  system  employs  a  single  solenoid  B0 
NMR  magnet  that  is  8”  OD  and  22”  long  with  field  homogeneity  of  -300  ppm  over  a  5  cm  sphere,  and 
integrated  RF  shielding.  This  magnet  (<10  kg)  produces  a  B0  of  -4  mT  using  <  0.2  kW.  The  XeUS 
polarizer  runs  on  a  custom-built  micro-controller  driver  module  allowing  complete  automation,  monitoring, 
and  control  of  all  on-board  devices,  safety  sensors/interlocks,  and  solenoid  valves  by  using  custom 
software.  This  device  can  be  operated  in  fully  automated  or  advanced-user  (expert  operating  components 
individually)  modes.  Moreover,  the  hyperpolarizer  software  is  web-browser  based,  and  therefore  can  be 
run  on  a  variety  of  computers  (e.g.,  laptop,  tablet,  etc.)  connected  locally  via  USB  or  Wi-Fi,  or  remotely. 
Finally,  XeUS  hyperpolarizer  quality  assurance  data  (e.g.  %PXe)  and  other  advanced  reporting  data  (e.g., 
laser  power  output,  errors,  etc.)  are  stored  locally  as  well  as  in  the  cloud. 

Results  &  Conclusions 

The  combination  of  improved  LDA  technology,  along  with  other  improvements  over  previous  generations, 
will  result  in  a  single  push  button  and  better  performing  xenon  hyperpolarizer,  ready  for  pre-clinical  use. 

Acknowledgments 

NIH  1R21EB018014,  1R21EB020323,  and  1F32EB021840,  NSF  CHE-1416268  and  CHE-1416432,  DOD 
CDMRP  W81XWH-12-1-0159,  W81XWH-15-1-0271  and  W81XWH- 15- 1-0272. 


Figure  1.  The  3D  rendering 
of  the  3rd  generation  129Xe 
fully  automated  stopped- 
flow  hyperpolarizer. 


Enhancement  of  15N  NMR  signals  via  Heterogeneous  SABRE-SHEATH 

Max  Gemeinhardt,1  Larisa  M.  Kovtunova,2  Kirill  Kovtunov,34  Jonathan  Gesiorski,1*  Liana  B.  Bales,1*  Igor  V.  Koptyug,34 
Valerii  I.  Bukhtiyarov,2  Eduard  Y.  Chekmenev,5'67'8  Boyd  M.  Goodson19 

1  Department  of  Chemistry  and  Biochemistry,  Southern  Illinois  University,  Carbondale,  IL  62901 ;  *Undergraduate 
Researcher;  2Boreskov  Institute  of  Catalysis,  Novosibirsk,  Russia;  3lnternational  Tomography  Center,  4Novosibirsk  State 
University,  Novosibirsk  630090,  Russia;  5Department  of  Radiology,  Vanderbilt  University,  Nashville,  TN,  37232; 
6Department  of  Biomedical  Engineering,  Vanderbilt  University,  Nashville,  TN,  37235;  7Vanderbilt-lngram  Cancer  Center, 
Vanderbilt  University,  Nashville,  TN,  37205;  8Russian  Academy  of  Sciences,  Moscow,  Russia;  9Materials  Technology 

Center,  SIUC. 

While  there  are  several  ways  to  achieve  hyperpolarization  of  nuclear  spins  to  enhance  NMR  and  MRI  signals,  the  methods 
involving  PH  IP  (ParaHydrogen  Induced  Polarization)  and  SABRE  (Signal  Enhancement  by  Reversible  Exchange)  have 
demonstrated  the  ability  to  provide  reasonable  enhancements  in  simple,  economical  set  ups12;  moreover,  these 
parahydrogen-based  methods  are  of  interest  because  they  are  rapid  (acting  in  seconds  or  10s  of  seconds)  and  potentially 
can  have  high  agent  throughput  with  continuous  agent  generation.  In  these  methods  an  organometallic  catalyst  is  used  to 
form  a  coordination  complex  between  the  para-hydrogen  (para-H2)  and  the  target  substrate  molecule:  In  traditional  PHIP, 
this  allows  hydrogenation  of  unsaturated  bonds  and  hence  a  transfer  of  spin  order  to  the  substrate;  however  in  SABRE,  the 
complex  is  transient  in  nature  and  spin  polarization  is  transferred  through  the  J-coupling  network  without  requiring 
permanent  chemical  change  to  the  target  substrate.  Furthermore,  while  SABRE  was  originally  demonstrated  with 
enhancement  of  ^  spins  with  magnetic  “mixing”  fields  of  ~102  Gauss  (chosen  to  roughly  match  the  frequency  difference 
between  source  and  target  spins  to  the  magnitude  of  the  scalar  couplings  between  them),2  achieving  efficient  transfer  to 
heteronuclei  is  harder  because  the  difference  in  frequencies  is  ordinarily  so  much  larger  (e.g  ~1 0-fold  ratio  of  gyromagnetic 
ratios  for  1H  versus  15N).  It  was  recently  shown  (in  collaboration  with  Warren  &  Theis  at  Duke)  use  of  a  simple  mu-metal 
magnetic  shield  allows  the  mixing  field  to  be  lowered  to  <1  pT — sufficient  to  enable  efficient  transfer  of  spin  order  from  para- 
H2  to  15N  spins  and  achieve  NMR  signal  enhancements  by  orders  of  magnitude3-an  approach  dubbed  “SABRE-SHEATH” 
(for  SABRE  in  shield  enables  alignment  transfer  to  heteronuclei). 

One  limitation  of  the  SABRE  approaches  is  the  continued 
presence  of  the  organometallic  catalyst  in  the  solution  after  agent 
hyperpolarization  has  been  achieved — hindering  a  number  of 
potential  biological  and  biomedical  applications.  Moreover,  recovery 
of  the  catalyst  is  desirable  to  permit  later  re-use.  Thus,  there  has 
been  interest  in  the  development  of  effective  heterogeneous 
catalysts  (i.e.  where  the  catalyst  is  in  a  different  phase  from  the 
target  substrate4)  to  combat  such  practical  issues  that  could  enable 
implementation  of  SABRE  systems  towards  medical/imaging 
applications.  Indeed,  SABRE  enhancement  of  1H  spins  was  recently 
demonstrated  with  micro-  and  nanoscale  supported  catalysts.5'6 

Here  we  provide  the  synthesis  of  a  novel  microscale  HET- 
SABRE  catalyst  (Fig.  1  inset)  and  demonstrate  its  successful 
application  to  enhance  15N  spin  polarization  using  the  SABRE- 
SHEATH  approach.  Enhancements  of  up  to  ~1 00-fold  were 
achieved  with  -50%  para-H2  fraction  (Fig.  IE),  and  separation  of  the 
catalyst  from  the  supernatant  solution  prevented  the  observation  of 
SABRE-SHEATH  enhancement — showing  that  the  effect  is  the 
result  of  the  heterogeneous  catalyst  (and  not  the  result  of  any 
homogeneous  catalyst  leaching  from  the  supports).  Ongoing  efforts 
are  directed  to  improving  the  efficiency  of  the  effect  and  extension 
to  biologically  relevant  agents. 
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Figure  1.  Selected  15N  spectra  from  “HET-SABRE- 
SHEATH”  experiments.  (A)  Weak  thermally-polarized 
15N  signal  from  -100  mM  15N-labeled  pyridine.  (D  & 
E)  respectively  show  15N  SABRE  enhancement  using 
two  formulations  (“A-1”  and  “A-1-1”)  of  the  catalyst 
shown  in  the  Inset  (e~100  in  E  compared  to  A). 
Corresponding  spectra  in  (B)  and  (C)  attempting 
SABRE-SHEATH  with  the  supernatant  liquids  from 
these  HET-SABRE  catalysts  fail  to  exhibit  any  15N 
enhancement.  Inset  shows  the  structure  of  the  HET 
SABRE  catalyst  “A-1”  used  in  these  experiments. 


Hyperpolarization  of  15N  in  aqueous  Solution  with  SABRE  SHEATH 

Johannes  F.  P.  Coleliw,  Meike  EmondtsM,  Angus  W.  J.  LoganW,  Kun  ShenW,  Roman  ShchepinM,  Peter  Spannringtbdl,  Qiu 
Wangl0),  Steven  J.  Malcolmsoni8!,  Eduard  Y.  Chekmenev[c],  Martin  FeitersM,  Floris  RutjesM,  Bernhard  BlumichlH,  Warren 
S.  WarrenW  and  Thomas  Theis^l 

[a]  Department  of  Chemistry,  Duke  University,  Durham,  NC  27708,  USA.  [b]  Institut  fur  Technische  und  Makromolekulare 
Chemie  (ITMC),  RWTH  Aachen  University,  52074  Aachen,  Germany,  [c]  Vanderbilt  Institute  of  Imaging  Science  (VU IIS), 
Department  of  Radiology,  Department  of  Biomedical  Engineering,  Vanderbilt-lngram  Cancer  Center  (VICC),  Vanderbilt 
University,  Nashville,  TN  37232,  USA.  [d]  Radboud  University  Nijmegen,  Cluster  for  Molecular  Chemistry,  6525  AJ 

SABRE  and  the  heteronuclear  SABRE-SHEATH  variant 
(15N,  31P,  13C),  is  undergoing  rapid  development.  In 

SABRE  a  solution  of  a  suitable  transition  metal  catalyst 

and  a  substrate  of  interest  is  exposed  to  highly  enriched 

in  the  para-hydrogen,  the  polarization  transfer  target 

nucleus  depends  on  ambient  magnetic  field.  T ranslation 
of  SABRE  to  aqueous  systems  is  of  particular 
importance,  as  it  significantly  expands  the  flexibility  of  the 
method  and  hence  application  potential.1' 1  2  To  date, 
moderate  enhancements  on  4 *H  were  demonstrated  in  N- 
heterocyclic  aromatic  systems  by  different  approaches. 

Hyperpolarization  in  aqueous  solution  is  especially 
relevant  in  light  of  recent  advances  in  the  field  of  imaging 
I  withy  hyperpolarized  markers  in  clinical  settings.3 
I  We  have  expanded  SABRE-SHEATH4  to  direct 

hyperpolarization  of  15N  in  water.  Different  structural  moieties  and  molecules  of  biochemical  interest  can  be  readily  polarized 
(see  Fig.  1 ).  Hyperpolarization  of  heteronuclei  is  of  special  interest,  as  characteristically  longer  Ti  relaxation  times  allow  for 

extended  delays  between  creating  hyperpolarization  and  readout.  Larger  viable  time-delay  prior  to  detection,  and  greater 

chemical  shift  dispersion  result  in  enhanced  sensitivity  to  chemical  transformations. 

We  performed  a  comparative  study  of  the  established 
[lrCI(IMes)(COD)j  system  in  methanol  and  the  aqueous 
system.  As  shown  in  Fig.  2,  a  comparison  of  polarization 
levels  and  correlation  with  system  concentrations  is 
illuminating,  as  it  allows  to  understand  mechanistic  details 
and  limiting  factors  to  polarization  buildup  and 
maximization.  For  the  novel  [lrCI[COD](IDEG)j  system 
maximum  hyperpolarization  is  observed  at  elevated 
temperatures  of  80  °C 
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Figure  2:  Investigation  and  comparison  of  15N  polarization  as 
function  of  temperature  and  magnetic  field  in  different  solvent 
catalyst  systems. 
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Figure  1:  [lrCI[COD](IDEG)]  allows  for  polarization  transfer  to 
heteronuclei  in  water.  The  substrate  scope  of  heteronuclear 
SABRE  in  water  encompasses  sp  and ^p2  nitrogen. 
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With  A E  between  nuclear  spin  states  that  is  much  less  than  kT,  NMR  only  accesses  -0.003%  of  available  molecules  (for 
^  and  B0  =  9.4  T)  and  thus  suffers  from  poor  detection  sensitivity.  Hyperpolarization  methods  like  signal  amplification  by 
reversible  exchange  (SABRE),1  spin-exchange  optical  pumping  (SEOP),  dynamic  nuclear  polarization  (DNP)3  produce 
non-Boltzmann  spin  populations  to  greatly  enhance  NMR  signals.  With  hyperpolarization,  rapid  acquisition  of  less-sensitive 
and  low-natural-abundance  nuclei  (e.g.,  15N)  is  greatly  facilitated,  making  it  feasible  to  perform  NMR/MRI  of  low- 
concentration  species.  Among  these  hyperpolarization  techniques,  SABRE — a  type  of  parahydrogen-induced  polarization 
(PHIP)4 — can  be  conducted  inexpensively  and  merely  requires  the  production  of  the  spin  isomer  parahydrogen  (para-H2), 
an  appropriate  external  field,  and  a  catalyst  to  enable  transfer  of  spin  order  from  para- H2  to  a  reversibly-ligating  substrate 
through  the  J-coupling  network.1  SABRE  has  the  potential  to  produce  biologically-friendly  hyperpolarized  spectral  probes 
and  contrast  agents  for  MRI. 

While  the  field  of  SABRE  has  grown  rapidly  since  its 
inception  in  2009, 1  to  date  there  are  only  a  handful  of  substrates 
that  are  adequate  for  potential  biological  or  clinical  use.  This 
limitation  is  due  to  the  need  of  small  (usually  heterocyclic) 
molecules  like  N-heterocycles  that  can  reversibly  exchange  with 
the  catalyst.  Ideally,  the  substrate  of  interest  should  also  be  soluble 
in  a  biologically-friendly  solvent  (e.g.,  ethanol  and/or  water)  and 
undergo  large  polarization  enhancements. 

Deoxyribonucleic  acid  (DNA)  consists  of  two  opposing 
polynucleotides  that  hydrogen  bond  through  nucleobase-pairs 
(Adenine:Thymine  and  Guanine:Cytosine)  to  form  the  well-known 
double  helix  that  is  crucial  to  life  as  we  know  it.  Thus  with 
inspiration  from  DNA  (and  following  previous  studies5,6),  here  we 
explore:  1)  the  efficacy  of  three  primary  nucleobases  (3- 
methyladenine,  6-O-methylguanine,  and  cytosine)  to  undergo 
enhancement  via  ^  SABRE  (at  -2-8  mT)  and  15N  SABRE  (<1  pT, 
via  SABRE  in  shield  enables  alignment  transfer  to  heteronuclei, 

SABRE-SHEATH7)  using  the  lr(COD)(IMes)CI  catalyst;  and  2)  the 
corresponding  effects  of  competitive  binding  within  DNA  base  mixtures.  Upon  activation  of  the  catalyst  (4  mM  catalyst  in 
Ethanol-d6  or  Ethanoi-d6/D20  mixtures)  with  para-H2  (47.6%  enriched,  75  psi,  and  150  seem  bubbling  rate)  and  only  one 
nucleobase  (10:1  mol  ratio  of  base:catalyst),  we  find  that  all  three  nucleobases  exhibit  at  least  weak  SABRE  enhancement 
(efor  3-methyladenine  (Figure  1)  >  6-O-methylguanine  >  cytosine).  Interestingly,  we  observe  a  time-dependent  decrease 
in  £  for  6-O-methylguanine  and  cytosine  ^H  and  15N);  wherein  the  decay  rate  of  s  depends  on  the  amount  of  co-ligand 
present  (e.g.,  mixtures  of  cytosine  and  3-methyladenine).  The  decay  in  e  is  potentially  due  to  deamination  (i.e.,  cytosine 
converting  to  uracil)  in  the  presence  of  D20  to  afford  a  strong  ligating  nucleobase  that  may  not  reversibly  exchange  and 


Figure  1.  H  thermally-polarized  (top)  and  SABRE- 
enhanced  (bottom)  spectra  of  3-methyl  adenine 
shows  a  maximum  enhancement  of  -4  at  52  G 
mixing  field  (solvent  enhancement  is  also  observed). 


thus  may  “deactivate”  the  catalyst.  Finally,  we  show 
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Figure  2.  N  thermally  polarized  (top)  and  SABRE- 
SHEATH  enhanced  (bottom)  spectra  of  cytosine  shows 
a  maximum  enhancement  of  -60  at  <  1  pT  mixing  field 
and  preferential  binding  of  one  tautomer. 


N  SABRE-SHEATH  of  cytosine  (Figure  2)  for  the  first  time.  Differences 
in  the  15N  thermally  polarized  and  SABRE-SHEATH  spectra 
are  consistent  with  preferential  binding  of  one  tautomer  over 
the  others. 
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NMR  hyperpolarization  techniques  increase  nuclear  spin  polarization  from  thermal  equilibrium  levels  of  10"6-10"5 
orders  of  magnitude — in  some  cases  approaching  100%.  15N  sites  are  particularly  interesting  because  of  their  greater 
compared  to  13C  polarization  decay  constants  of  up  to  20  minutes  [6].  Moreover,  15N  isotopic  enrichment  is  frequently 
performed  using  relatively  straightforward,  chemical  process  and  less  expensive  starting  materials  [3].  Direct 
hyperpolarization  of  heteronuclei  with  NMR  Signal  Amplification  By  Reversible  Exchange  (SABRE  [4])  is  possible  via 
SABRE-SHEATH  (SABRE  in  SHield  Enables  Alignment  Transfer  to  Heteronuclei)  [1,2].  SABRE-SHEATH  is  scalable, 
provides  efficient  hyperpolarization  in  seconds,  and  uses  very  simple  and  inexpensive  hardware  [5,6]. 

15N  nuclear  spins  of  imidazole-15N2  were  hyperpolarized  using  the  NMR  SABRE-SHEATH  (Fig.  la)  [7].  A  15N  NMR 
signal  enhancement  of  ~2  000  fold  at  9.4  T  is  reported  using 


parahydrogen  gas  (-50%  para- H2)  and  -0.1  M  imidazole-15N2  in 
aqueous  buffer.  Proton  binding  to  a  15N  site  of  imidazole  occurs 
at  physiological  pH  (pKa  -  7.0),  and  the  binding  event  changes 
the  1SN  isotropic  chemical  shift  by  -30  ppm  (Fig.  2b).  Imidazole 
pKa  is  more  suitable  for  in  vivo  pH  sensing  compared  to  pKas  of 
previously  studied  15N-pyridine  derivatives  [9].  Moreover,  15N2- 
imidazole  has  a  relatively  low  toxicity,  and  therefore  15N- 
SABRE-SHEATH  hyperpolarization  potentially  enables  in  vivo 
pH  sensing  at  high  (9.4  T)  and  low  (0.05  T)  fields.  We  also 
report  robust  15N  synthesis  of  15N2-imidazole  based  on  15NH4CI. 

Direct  NMR  hyperpolarization  of  15N  sites  in  metronidazole 
using  SABRE-SHEATH  produced  nuclear  spin  polarization  P-|5N 
of  -24%  (Fig.  Id)  using  80%  para-H2  gas  corresponding  to 
P15N~32%  if  -100%  para-H2  were  employed  [8].  In  addition  to 
this  demonstration  on  the  directly  binding  15N  site  (via  2Jh-isn), 
we  also  hyperpolarized  more  distant  15N  sites  in  metronidazole 
using  longer-range  spin-spin  couplings  (4v7H-i5n  and  5Jh-i5n,  Fig. 
1c  and  1e).  Furthermore,  this  efficient  (P15N>20%)  SABRE- 
SHEATH  hyperpolarization  is  conducted  in  <1  minute,  which  is 
significantly  more  efficient  and  faster  than  15N  d-DNP 
hyperpolarization  of  comparable  compounds  [8].  HP 
nitroimidazole  and  its  derivatives  are  potentially  imaging  agents 
already  used  for  in  vivo  hypoxia  sensing  using  PET. 

Taken  together,  15N-SABRE-SHEATH  hyperpolarization  of 
imidazole  and  metronidazole  significantly  expand  the  range  of 
biologically  relevant  molecular  structures  and  sites  amenable  to 
hyperpolarization  via  low-cost  parahydrogen-based  methods. 
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Figure  1.  a)  Structure  of  the  activated  Ir-IMes 
hexacoordinate  complex  after  activation  with  H2.  The 
complex  undergoes  fast  exchange  with  para-H2  and  free 
imidazole-15N2,  which  enables  spontaneous  polarization 
transfer  from  para-H2  to  15N  nuclei  of  imidazole-15N2  in  pT 
magnetic  fields  [1,2].  b)  15N  NMR  spectra  of  imidazole-15N2 
hyperpolarized  via  SABRE-SHEATH  at  pH  values  around 
pKa  in  aqueous  buffer,  c)  Most-probable  metronidazole- 
bound  structures  of  the  complex  with  relevant  AA'B  spin 
systems  [8].  d)  15N  spectrum  of  HP  natural  abundance  50 
mM  metronidazole.  Note  the  appearance  of  NMR  reson¬ 
ances  as  a  doublet  of  quartets  due  to  spin-spin  coupling  of 
15N  with  aromatic  and  methyl  protons  (inset),  e)  1SN 
spectrum  of  HP  (SABRE-SHEATH)  natural  abundance  150 
mM  metronidazole.  All  15N  spectra  are  recorded  at  9.4  T. 
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Over  the  last  two  decades  there  have  been  many  advances  in  the  field  of  hyperpolarized  (HP)  noble  gas  production 
and  imaging,  largely  enabled  by  the  development  of  low-cost,  high-power  frequency-narrowed  laser  diode  arrays  (LDAs) 
and  the  improvement  of  129Xe  polarizer  technology  in  general.  These  recent  developments  in  the  field  make  HP  129Xe  an 
attractive  and  feasible  diagnostic  tool  for  a  variety  of  potential  biomedical  applications.  In  particular,  our  team  along  with 
our  collaborators  previously  has  developed  two  generations  of  clinical-scale  hyperpolarizers:  an  “open-source”  prototype, 
and  our  “3D-printed”  hyperpolarizer--each  improving  on  the  previous  generation,  with  the  ultimate  goal  to  develop  a 
relatively  low-cost,  high-capacity  129Xe  hyperpolarizer  with  fully  automated  operation  that  can  deliver  near-unity  129Xe 
nuclear  spin  polarization — making  it  attractive  for  both  biomedical  and  basic  research  (including  for  potential  clinical  use). 

Here  we  present  the  development  and  features  of  the  new  3rd-generation  stopped-flow  129Xe  hyperpolarizer  (Fig.  1) 
dubbed  “XeUS”.  As  with  most  previous  129Xe  polarizers,  XeUS-3  utilizes  Spin  Exchange  Optical  Pumping  (SEOP),  a 
process  in  which  resonant,  circularly  polarized  photons  optically  pump  Rb  electrons,  which  in  turn  hyperpolarize  the  129Xe 
nuclear  spins  via  hyperfine  interactions  (the  “spin-exchange”  process). 

The  new  XeUS  polarizer  operates  using  a  positive-pressure  gas  manifold  with  a  pre-mixed  129Xe/N2  gas  cylinder  {e.g., 
using  a  50:50  mix  or  other  compositions),  which  is  employed  to  load  a  0.5  L  OP  cell  to  >2000  Torr  total  gas  pressure.  This 
design  allows  the  hyperpolarizer  to  generate  up  to  1  L/cycle  of  HP  129Xe  mixture  every  ~30  minutes.  The  device  chassis  is 
relatively  compact:  0.55  m  (width)  x  1.25  m  (length)  x  1.35  m  (height),  and  the  hyperpolarizer  runs  on  a  dedicated  single 
220  V  (20  Amp)  circuit.  This  device  utilizes  a  micro-channel  cooled  795  nm,  180  W  LDA  module  (QPC  Lasers)  with 
spectral  width  (FWHM)  of  <0.2  nm,  and  with  2”  expanding  telescope  optics  to 
provide  homogeneous  illumination  of  the  OP  cell.  The  new  design  employs  an 
aluminum  heating  jacket  (vs.  circulating  air)  that  has  direct  thermal  contact  with 
the  OP  cell  housed  within  it,  which  in  turn  is  aligned  concentrically  to  the  laser 
(Fig.  2).  The  aluminum  jacket  offers  several  advantages  over  a  conventional 
forced-air  oven:  (i)  it  heats  and  cools  the  OP  cell  significantly  faster,  thus 
reducing  polarization  cycle  times,  (ii)  it  provides  rf-shielding  for  the  integrated 
40  kHz  in-situ  NMR  coil,  (iii)  it  eliminates  the  need  for  additional  windows 
typically  used  in  forced-air  SEOP  ovens  (which  can  cause  small  but 
undesirable  losses  in  laser  intensity),  and  (iv)  allows  for  more  compact 
integration  of  in-situ  near-IR  and  NMR  sensors.  The  entire  optical  path  resides 
in  a  “light-tight”  portion  of  the  chassis. 

Instead  of  using  multiple  large  coils  (e.g.  Helmoltz  coil  pair),  this  system 
employs  a  single  solenoid  B0  NMR  magnet  that  is  8”  OD  and  22”  long  with  field 
homogeneity  of  -300  ppm  over  a  5  cm  sphere,  and  integrated  RF  shielding. 

This  magnet  (<10  kg)  produces  a  B0  of  -4  mT  using  <  0.2  kW.  The  XeUS 
polarizer  runs  on  a  custom-built  micro-controller  driver  module  allowing 
complete  automation,  monitoring,  and  control  of  all  on-board  devices,  safety 
sensors/interlocks,  and  solenoid  valves  by  using  custom  software.  This  device 
can  be  operated  in  fully  automated  or  advanced-user  (expert  operating 
components  individually)  modes.  Moreover,  the  hyperpolarizer  software  is 
web-browser  based,  and  therefore  can  be  run  on  a  variety  of  computers 
(e.g.,  laptop,  tablet,  etc.)  connected  locally  via  USB  or  Wi-Fi,  or  remotely. 

Finally,  XeUS  hyperpolarizer  quality  assurance  data  (e.g.  %PXe)  and 
other  advanced  reporting  data  (e.g.,  laser  power  output,  errors,  etc.)  are 
stored  locally  as  well  as  in  the  cloud. 
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Figure  1.  The  3D  rendering  of  the  3rd 
generation  129Xe  fully  automated 
stopped-flow  hyperpolarizer. 


Figure  2.  The  new  180W  frequency-narrowed 
LDA,  and  aluminum  OP  cell  heating  jacket, 
with  integrated  rf-shielded  40  kHz  NMR  coil, 
retro-reflection  mirror,  and  IR  sensor. 
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Hyperpolarization  can  enhance  nuclear  magnetic  resonance  signals  by  4-8  orders  of  magnitude.  This  dramatic  sensitivity 
increase  enables  the  detection  of  dilute  exogenous  contrast  media  at  low  concentrations  in  vivo.  The  delivery  of 
hyperpolarized  (HP)  contrast  agents  by  inhalation  for  functional  and  molecular  imaging  is  particularly  attractive,  because 
of  its  convenience  and  relative  non-invasiveness.  Hyperpolarized  (HP)  129Xe  is  currently  the  most  promising  agent  for 
pulmonary  imaging,  because  (i)  it  can  be  hyperpolarized  to  the  order  unity  on  a  clinical  scale  [1],  (ii)  it  is  inert,  and  (iii)  it 
has  very  large  chemical  shift  dispersion  useful  for  sensing  the  environment.  However,  HP  129Xe  technology  has  several 
major  obstacles  for  widespread  clinical  translation:  (i)  low  natural  isotopic  abundance  of  129Xe  (-26%),  (ii)  the  need  for 
high-cost  hyperpolarization  equipment,  (iii)  the  requirement  for  a  customized  multinuclear  capability  of  MRI  scanner. 
These  obstacles  currently  limit  this  technology  to  only  a  few  sites  in  the  world. 
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Figure  1.  (a)  Molecular  diagram  of  p-H2  addition  to 
propylene  over  Rh/Ti02  at  0.05  T  resulting  in  the  formation 
of  pseudo-singlet  long-lived  spin  states  (LLSS)  of  propane, 
followed  by  the  application  of  spin-lock  induced  crossing 
(SLIC)  sequence  to  transform  LLSS  into  an  observable 
magnetization  and  to  detect  the  NMR  signal. 

(b)  Experimentally  measured  (black  circles  and  trace)  and 
theoretically  calculated  (red  trace)  dependence  of  the  SLIC 
induced  HP  propane  signal  on  B- ,  amplitude  at  the  SLIC  RF 
pulse  duration  (rS|ic)  of  0.5  s  at  0.05  T.  (c)  Example  of  T) 

(black  symbols  and  trace)  and  Ts  (red  symbols  and  trace) 
measurements  of  gaseous  HP  propane  at  -7.6  atm. 

corresponding  T-\  value  under  the  same  conditions  (Fig.  1C).  Moreover,  Ts  exceeds  13  seconds  at  pressures  above  7  atm 
in  the  gas  phase.  These  results  are  in  agreement  with  the  previous  reports,  and  they  substantiate  a  great  potential  of 
long-lived  HP  propane  as  an  inhalable  gaseous  contrast  agent  for  lung  imaging  and  other  applications  using  low-field 
(<0.4  T)  NMR  and  MRI. 


Recently  we  showed  that  HP  propane  is  good  candidate  for 
pulmonary  imaging  and  other  non-biomedical  applications 
[2-3].  Indeed,  propane  is  a  non-toxic  gas,  it  can  be  readily 
hyperpolarized  via  pairwise  hydrogenation  of  propylene 
with  parahydrogen  (p-H2),  and  it  has  much  lower  cost  (few 
cents  vs.  tens  of  dollars  per  liter)  compared  to  HP  129Xe. 
Moreover,  it  can  be  imaged  using  conventional  proton 
hardware  universally  available  on  clinical  MRI  scanners. 

Here,  we  present  a  systematic  relaxation  study  of  the  HP 
propane  gas  at  high  (9.4  T)  and  low  (0.05  T)  magnetic 
fields.  Propane  T)  is  linearly  dependent  on  the  fraction  of 
the  propane  in  the  mixture  with  hydrogen  and  on  the  total 
gas  pressure.  Moreover,  if  propane  is  produced  via 
parahydrogen-induced  polarization  (PHIP)  at  low  magnetic 
fields  (/.e.,  under  strong-coupling  regime,  where  chemical 
shift  difference  between  CH2  and  CH3  protons  is  less  than 
their  spin-spin  coupling  constant  J),  the  symmetry  of  p-H2- 
nascent  singlet  state  is  partially  conserved  in  the  formed 
propane  molecule,  and  produced  in  this  fashion  propane 
possesses  long-lived  spin  states  (LLSS).  We  investigated 
how  spin-lock  induced  crossing  (SLIC)  technique  [4]  can  be 
used  to  convert  these  LLSS  of  propane  into  observable 
magnetization  to  detect  N  NMR  signal  directly  at  0.05  T 
(Fig.  1A)  [5-6].  The  NMR  signal  dependence  on  SLIC 
amplitude  exhibits  a  well-resolved  dispersion,  which  is 
induced  by  the  spin-spin  couplings  in  the  8-proton  spin 
system  of  propane  (Fig.  IB).  We  also  measured  the  lifetime 
(Ts)  of  the  propane  LLSS  by  varying  the  time  between 
hyperpolarized  propane  production  and  SLIC  detection:  on 
average,  Ts  is  approximately  3  times  longer  than  the 
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Spin  exchange  optical  pumping  (SEOP)  is  a  noble  gas  hyper¬ 
polarization  technique  with  applications  in  biomedical  imaging,1  NMR 
spectroscopy  of  molecules  and  materials,1  and  in  tests  of  fundamental 
physics.2  In  SEOP,  circularly  polarized  laser  light  depopulation  pumps 
an  alkali  metal  vapor  (e.g.  Rb)  into  an  electronically  spin-polarized 
ground  state.  This  electronic  spin  polarization  is  transferred  to  the 
nuclei  of  noble  gases  during  collisions.  Of  present  interest  are 
experimental  aspects  of  clinical-scale  production  of  hyperpolarized 
(HP)  xenon  by  stopped-flow  SEOP,3'4  specifically  SEOP  cell  design 
(including  the  use  of  alternative  materials,  coatings,  and  geometries), 
laser  technology,  and  ultra-low  field  (in  situ,  -1.6-5. 8  mT)  versus  high- 
field  (ex  situ,  9.4  T)  polarimetry  of  129Xe  and  131Xe. 

We  describe  here  progress  on  the  use  of  Al-walled  cells  for 
stopped-flow  SEOP  production  of  HP  129Xe.  SEOP  cells  are  usually 
made  of  boro-  or  aluminosilicate  glass  because  of  the  need  to  operate 
at  high  temperature,  resist  chemical  damage,  and  contain  low  levels 
of  magnetic  impurities.  While  Cu  has  been  demonstrated  in  large 
continuous- flow  cells,5  long  129Xe  T i  values  are  usually  needed  in 
orderfor  high  Pxe  to  be  achieved  via  the  stopped-flow  approach,4'6  and 
with  metal-based  cells  there  are  concerns  of  enhanced  Xe  relaxation 
from  surface  paramagnetic  sites  and  Korringa  relaxation.7  Never¬ 
theless,  implementation  of  Al  cells  could  be  advantageous:  First,  while 
SEOP  cells  are  hand-blown,  Al  cells  could  be  mass-produced  to  high 
precision  with  cheap,  inter-changeable,  and  disposable  parts.  Next, 
metal  cells  should  allow  access  to  higher  combinations  of  pressure 
and  temperature  (for  higher  HPXe  throughput).  OP  efficiency  should 
be  improved  by  the  reduced  number  of  optical  surfaces,  use  of  anti-reflection  coatings,  and  the  absence  of  warping  of  optical 
"flats"  otherwise  needed  for  glass  cell  structural  integrity.  Finally  built-in  heating/cooling  could  greatly  simplify  polarizer 
design  (obviating  the  need  for  forced-air  ovens)  and  that,  combined  with  higher  thermal  conductivity,  should  allow  more 
stable  and  agile  temperature  control — particularly  important  for  automating  stopped-flow  SEOP  (including  for  temperature 
ramping8)  and  reducing  cycle  times.  In  an  initial  feasibility  study,  batches  of  1000/1000  Torr  Xe/N2  were  hyperpolarized  in 
a  cylindrical  -600  cc  Al-walled  cell  (alloy  6061, 2.5”  OD,  2”  ID,  12”  length)  using  a  70  W  spectrally-narrowed  laser  (QPC); 
the  cell  is  heated  with  a  flexible  polyimide  element  fixed  to  its  underside.  Ex  situ  high-field  measurement  of  the  129Xe  nuclear 
spin  polarization  (initially -2%)  with  variable  delays  between  SEOP  cell  cooling  and  gas  ejection  allowed  an  in-cell  7"i  of -25 
min  to  be  estimated.  We  are  currently  investigating  the  use  of  Ti02  cell  coatings  created  via  galvanic  deposition9  to  improve 
129Xe  Ti  and  better  protect  the  chemical  integrity  of  the  Al  walls,  as  well  as  the  use  of  differential  heating  of  the  cell 
components  to  better  facilitate  Rb  distribution  in  the  cell  and  avoid  Rb  condensation  onto  optical  surfaces. 

In  other  work,  we  are  continuing  efforts  to  improve  production  of  HP  131Xe.  Despite  the  fact  that  isotopes  like  83Kr 
(/= 9/2)  and  131Xe  (1=3/2)  are  harder  to  polarize  because  of  quadrupolar  relaxation,  they  may  offer  alternative  contrast  for 
functional  pulmonary  MRI1011;  131Xe  is  also  of  present  interest  because  of  its  possible  use  as  a  HP  nuclear  target  for  probing 
CPT  violation  in  spin-polarized  neutron  scattering  experiments.12  We  previously  found  up  to  Pxe-0.4%13;  here  we  are 
investigating  the  use  of  an  optimized  cell  geometry  (3x3”  O.D./length),  higher  temperatures  (enabled  by  a  Garolite-based 
forced-air  oven),  and  higher  laser  power  (-120  W)  to  improve  the  131Xe  polarization  (so  far  to  -0.6%).  All  of  these  efforts 
should  be  bolstered  by  a  next-generation  high-power  (-180  W)  ultra-narrow  (FWHM-0.2  nm)  MCC-cooled  laser  (QPC)  and 
the  implementation  of  new  high-sensitivity  noise-reducing  surface  detection  coils. 
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Fig.  la.  Al  cell  with  polyimide  heater  seen  on 
bottom;  Fig.  1b.  Thermal  129Xe  NMR  signal 
(green),  signal-averaged  2057  scans,  9.4  T, 
magnified  lOOx  scaled  against  HP  (red)  129Xe  (1 
scan)  from  Al  cell;  Fig.  1c.  Hyperpolarized  131Xe 
(50  scans),  ~5.7mT,  135  °C. 
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Spin-exchange  optical  pumping  (SEOP)  [1],  a  method  of  hyperpolarisation  (HP),  can  be  used  to  enhance  the  NMR 
sensitivity  of  noble  gases  by  up  to  five  orders  of  magnitude  at  clinically  relevant  fields.  SEOP-generated  HP  129Xe  is  showing 
great  promise  as  a  contrast  agent  for  clinical  lung  imaging  but  an  ongoing  barrier  to  widespread  clinical  usage  has  been  the 
challenge  of  economically  producing  clinically  relevant  quantities  with  high  129Xe  polarisation.  Clinical-scale  xenon-rich 
stopped-flow  (SF)  SEOP  is  now  well-established  in  the  literature  [2,3]  and  has  been  used  to  produce  very  high  PXe  values 
(up  to  -90%  [3]);  however,  while  previous  simulation  efforts  have  investigated  SEOP  (e.g.,  [4]),  few  have  modelled  the  Xe- 
rich  stopped-flow  regime  [5,6],  particularly  in  the  context  of  high  resonant  laser  flux.  Here,  the  so-called  ‘standard  model’  of 
SEOP,  which  has  been  previously  used  in  the  optimisation  of  continuous-flow  Xe  polarisers  [7,8],  is  modified  for-  and 
validated  against-  two  significant  Xe-rich  SF  SEOP  datasets  [2,9].  The  validated  model  is  then  used  to  identify  practical 
steps  that  can  be  taken  to  modify  the  design  of  Xe  polarisers  to  further  increase  the  HPXe  production  efficiency.  Additionally, 
the  validated  model  provides  further  insight  into  the  underlying  physics  at  play  in  xenon-rich  SF  SEOP  at  high  laser  fluxes. 

Two  implementations  of  the  SEOP  model  were  used — a  2D  (z,r)  approach  based  on  Mathematica  ([5,6])  and  a  ID  (z) 
Python-based  approach  [1 0] — with  comparisons  to  two  literature  datasets  [2,9];  the  approach  was  to  include  more  and  more 
features  of  SEOP  phenomena  to  slowly  increase  model  complexity  in  order  to  reproduce  the  experimental  data.  In  the  first 
experimental  dataset  [9],  129Xe  polarisation  was  measured  as  a  function  of  temperature  for  a  number  of  gas  mixes  (with  Xe 
partial  pressures  ranging  from  50-1400  torr  and  backfilled  with  N2  to  2000  torr  total  pressure  at  loading).  The  gases  were 
contained  in  a  1“-diameter  cylindrical  cell  and  pumped  with  a  29  W,  0.27  nm  (spectral  width)  laser  at  -795  nm.  These 
experiments  found  an  inverse  relationship  between  the  optimal  (externally  measured)  cell  temperature  for  SEOP  (Topt)  and 
Xe  density,  an  effect  that  was  exploited  to  achieve  high  polarizations  (-12-55%  at  those  densities)  [9].  The  present 
simulations  quantitatively  reproduce  these  trends,  and  show  that  the  magnitude  of  the  effect  is  inversely  related  to  the  laser 
spectral  linewidth.  Furthermore,  modulating  the  laser  linewidth  indicates  that  a  differential  gain  in  polarisation  occurs  at 
higher  xenon  densities  when  using  narrowed  lasers. 


In  the  second  experimental  dataset  [2],  PXe  was  again  measured  as  a  function  of  temperature  for  a  range  of  gas  mixes  (275 
to  2000  torr)  but  also  for  a  range  of  (much  greater)  laser  powers  (100,  125,  142  and  170  W)  using  a  0.3  nm  (spectral  width) 
laser  at  795  nm  and  using  a  much  larger  2”-diameter  (500  cc)  cell.  Simulations  for  these  conditions  closely  predicted  peak 
PXe  and  yseop  (a  rate  constant  for  PXe  accumulation)  across  the  full  range  of  conditions  (Fig.  1)  (and  also  replicated  the 
inverse  relationship  between  Topt  and  xenon  density  ([Xe])),  though  a  slightly  steeper  negative  gradient  as  a  function  of  [Xe] 
in  the  optimal  PXe  values  (relative  to  the  model)  may  suggest  thermal  effects  (not  accounted  for  in  the  model)  may  be  at 
play  (Fig.  1(a)).  These  thermal  effects  may  be  exacerbated  at  higher  laser  powers  by  the  increasing  partial  pressure  of  the 
poorly  thermally  conductive  Xe,  and  therefore  mitigated  with  the  partial  replacement  of  N2  with  more  thermally  conductive 
helium  [11].  Indeed,  our  simulations  indicate  inclusion  of  He  would  have  no  detrimental  impact  on  PXe.  Additionally,  both 
simulation  and  experiment  indicate  the  system  is  laser-power  limited.  After  validation,  the  model  was  used  to  investigate 
how  to  modify  the  design  and  operation  of  “XeUS-type”  clinical-scale  SF  polarisers  to  further  improve  performance,  including 
variations  of  cell  geometry,  laser  linewidth,  gas  mixture/pressure,  etc. — with  results  including  that  reduction  of  laser  linewidth 
(and  therefore  increasing  resonant  intensity)  improves  PXe  more  at  the  higher  Xe  partial  pressures  tested.  Finally,  it  was 
found  that  the  simulations  trended  towards  a  “universally  optimal”  amount  of  laser  absorption,  providing  an  explanation  for 
the  above  interplay  of  laser  linewidth,  Topt,  and  [Xe]  in  the  context  of  optimizing  the  photon  to  [Rb]  ratio. 


Temperature  [C] 
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We  report  on  work  involving  low-field  in  vivo  MR  detection  at  B0  =  0.0487  T  of  a  hyperpolarized  (HP)  contrast  agent 
(HCA)  injected  via  tail-vein  into  a  healthy  wild-type  mouse.  At  low  magnetic  field  strengths  there  is  no  loss  of  SNR  relative 
to  high  field  for  a  well-designed  radiofrequency  (rf)  coil,1,2  and  the  chemical  shift  dispersion  is  potentially  insufficient  to 
differentiate  hyperpolarized  (HP)  metabolites  and  contrast  agents.  However,  if  the  magnetic  field  is  sufficiently  low,  then 
magnetic  susceptibility  derived  B0  field  inhomogeneity  in  vivo  (the  source  of  broad  MRS  lines  at  high  field)  becomes 
negligible.  Consequently,  direct  spectroscopic  resolution  of  spin-spin  couplings  or  J-couplings,  more  commonly  performed 
near  zero  field,3  becomes  feasible.  Here  we  demonstrate  with  whole-body  detection  for  a  mouse  the  ability  to  resolve  the 
13C  multiplet  of  HP  1-13C-succinate-d2  (13C-SUX)  in  a  magnet  with  B0  =  0.0487  T  and  inhomogeneity  <  13  ppm  over  a  40 
cm  diameter  spherical  volume. 

An  open-source  13C  PHIP  hyperpolarizer4  (production  cycle  of  1  dose  every  3  min,  up  to  28%  13C-SUX  polarization) 
was  used  to  produce  hyperpolarized  13C-SUX  contrast  agent.  Figure  1  shows  the  PHIP  chemistry  for  production  of  13C- 
SUX  and  comparison  of  shimmed  MRS  at  field  strengths  of  B0  =  4.7  T  and  B0  =  0.0487  T.  The  presence  of  foam  in  the 
phantom  illustrates  the  difficulties  of  susceptibility-induced  magnetic  field  B0  inhomogeneity  at  high  fields.  For  the  in  vivo 
experiment,  Figure  1 ,  approximately  0.2  ml_  solution  with  ~30  mM  concentration  in  D20  of  13C-SUX  was  slowly  injected 
via  tail  vein  into  a  catheterized  mouse  situated  inside  the  solenoid  coil  of  a  rf  probe  capacitively  tuned  and  matched  to  the 
13C  resonance  frequency  for  B0  =  0.0487  T.  Whole-body  MRS  acquisitions  with  flip  angle  (FA)  =  18.2°  every  2  s  were 
started  at  the  beginning  of  HCA  production.  The  decay  time  constant  for  HP  13C-SUX  post-injection  was  -35  s  (not 
accounting  for  rf-pulse  associated  losses).  The  well-resolved  13C  spectrum  of  HP  13C-SUX  shows  a  complex  13C  multiplet: 
a  result  of  spin-spin  couplings  between  the  hyperpolarized  13C  isotopic  label  and  ^  and  2H  sites  of  HP  13C-SUX,  Figure 
I.5  Moreover,  the  satellite  peaks  of  the  13C  multiplet  (also  due  to  spin-spin  couplings  between  13C  and  ^  and  2H  nuclei) 
are  also  well  resolved  in  vivo,  Figure  1  because  the  corresponding  peak  splittings  are  clearly  visible  when  compared  to 
the  phantom  MR  spectrum,  Figure  1 . 
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Figure  1.  Experimental  design.  13C-SUX  contrast  agent  is  produced  in  a  PHIP  hyperpolarizer,  injected  via  tail  vein  into  a 
catheterized  wild-type  normal  healthy  mouse  placed  inside  a  shielded  solenoid  tuned  to  13C  resonance,  and  MRS 
performed  inside  the  homogenous  DSV  of  a  permanent  magnet  with  B0  =  0.0487  T.  The  NMR  spectrum  shows  resolution 
in  vivo  of  the  13C  J-couplings  between  the  isotopic  13C  label  and  ^  and  2H  sites.  The  magnet  was  only  statically  shimmed. 
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Synopsis 

We  demonstrate  murine  whole-body  MRS  and  the  ability  to  resolve  the  13C  multiplet  of  hyperpolarized  1-13C-succinate-d2  in  a  biplanar  magnet  with  B0  = 
0.0487  T  and  inhomogeneity  <13  ppm  over  40  cm  DSV.  At  low  magnetic  field  strength  no  loss  of  SNR  relative  to  high  field  for  a  well-designed  radiofrequency 
coil  occurs,  but  chemical  shift  dispersion  is  potentially  insufficient  to  differentiate  hyperpolarized  metabolites  and  contrast  agents.  However,  at  sufficiently 
low  field  strength,  magnetic  susceptibility  derived  B0  field  inhomogeneity  in  vivo  becomes  negligible.  Consequently,  direct  spectroscopic  resolution  of  spin- 
spin  couplings  or/-couplings,  more  commonly  performed  near  zero  field,  becomes  feasible. 


Overview 

We  report  on  work  involving  low-field  in  vivo  MR  detection  at  B0  =  0.0487  T  of  a  hyperpolarized  (HP)  contrast  agent  (HCA)  injected  via  tail-vein  into  a  healthy 
wild-type  mouse.  At  low  magnetic  field  strengths  there  is  no  loss  of  SNR  relative  to  high  field  for  a  well-designed  radiofrequency  (rf)  coil,1,2  and  the  chemical 
shift  dispersion  is  potentially  insufficient  to  differentiate  hyperpolarized  (HP)  metabolites  and  contrast  agents.  However,  if  the  magnetic  field  is  sufficiently 
low,  then  magnetic  susceptibility  derived  B0  field  inhomogeneity  in  vivo  (the  source  of  broad  MRS  lines  at  high  field)  becomes  negligible.  Consequently,  direct 
spectroscopic  resolution  of  spin-spin  couplings  or  ./-couplings,  more  commonly  performed  near  zero  field,3  becomes  feasible.  Here  we  demonstrate  with 
whole-body  detection  for  a  mouse  the  ability  to  resolve  the  13C  multiplet  of  HP  1-13C-succinate-d2  (13C-SUX)  in  a  magnet  with  B0  =  0.0487  T  and 
inhomogeneity  <  1 3  ppm  over  a  40  cm  diameter  spherical  volume. 

Purpose 

When  injected  into  living  organisms,  hyperpolarized  biomolecules  can  serve  as  metabolic  contrast  agents  reporting  on  abnormal  metabolism  in  cancer,  heart 
diseases  and  other  diseases  and  function  as  quantitative  imaging  biomarkers  for  these  diseases.  For  example,  efficient  production  of  HP  13C-SUX  enables 
one  to  probe  in  vivo  mechanisms  and  pathways  for  cancer  imaging4  using  molecular  imaging  and  spectroscopy.5 


Methods  and  Results 

An  open-source  13C  PHIP  hyperpolarizer6  (production  cycle  of  1  dose  every  3  min,  up  to  28%  13C-SUX  polarization)  was  used  to  produce  hyperpolarized  13C- 
SUX  contrast  agent.  Figure  1  shows  the  PHIP  chemistry  for  production  of  13C-SUX  and  comparison  of  shimmed  MRS  at  field  strengths  of  B0  =  4.7  T  and  B0  = 
0.0487  T.  The  presence  of  foam  in  the  phantom  illustrates  the  difficulties  of  susceptibility-induced  magnetic  field  B0  inhomogeneity  at  high  fields.  For  the  in 
vivo  experiment,  Figure  2,  approximately  0.2  ml_  solution  with  -30  mM  concentration  in  D20  of  13C-SUX  was  slowly  injected  via  tail  vein  into  a  catheterized 
mouse  situated  inside  the  solenoid  coil  of  a  rf  probe  capacitively  tuned  and  matched  to  the  13C  resonance  frequency  for  B0  =  0.0487  T.  Whole-body  MRS 
acquisitions  with  flip  angle  (FA)  =  1 8.2°  every  2  s  were  started  at  the  beginning  of  HCA  production.  The  decay  time  constant  for  HP  13C-SUX  post-injection  was 
-35  s  (not  accounting  for  rf-pulse  associated  losses).  The  well-resolved  ,3C  spectrum  of  HP  13C-SUX  shows  a  complex  13C  multiplet:  a  result  of  spin-spin 
couplings  between  the  hyperpolarized  13C  isotopic  label  and  qH  and  2H  sites  of  HP  13C-SUX,  Figure  1c.7  Moreover,  the  satellite  peaks  of  the  13C  multiplet  (also 
due  to  spin-spin  couplings  between  13C  and  ]H  and  2H  nuclei)  are  also  well  resolved  in  vivo,  Figure  3,  inset,  because  the  corresponding  peak  splittings  are 
clearly  visible  when  compared  to  the  phantom  MR  spectrum,  Figure  1  c. 

The  use  of  HP  13C-SUX  was  demonstrated  for  low-field  in  vivo  MR  paving  the  way  for  future  low-field  MRS  and  MRI  of  13C  HCAs. 
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Figures 


Figure  1.  Hyperpolarized  1-13C-succinate-d2  synthesis  and  spectroscopy,  (a)  Steps  for  conversion  to  HP  13C-SUX  by  fast  pairwise  addition  of  parahydrogen  of 
13C-fumarate  followed  by  rf  polarization  transfer.  MR  spectroscopy  of  HP  13C-SUX  in  a  phantom  with  the  presence  of  bubbles  due  to  agent  foaming  at  (b)  4.7 
T  and  (c)  0.0487  T. 


PHIP  Hyperpolarizer 
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Figure  2.  Experimental  design.  13C-SUX  contrast  agent  is  produced  in  a  PHIP  hyperpolarizer,  injected  via  tail  vein  into  a  catheterized  wild-type  normal  healthy 
mouse  placed  inside  a  shielded  solenoid  tuned  to  13C  resonance,  and  MRS  performed  inside  the  homogenous  DSV  of  a  permanent  magnet  with  B0  =  0.0487 
T.  Magnet  drawings  and  rf  probe  are  to  scale. 
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Figure  3.  Hyperpolarized  13C-SUX  MRS.  MRS  acquisition  was  started  at  the  beginning  of  contrast  agent  production.  The  contrast  agent  dynamics  during  and 
post  tail-vein  injection  are  reported  by  spectroscopic  acquisition  at  0.0487  T.  The  inset  shows  a  closer  view  of  a  MR  spectrum,  showing  resolution  in  vivo  of 
the  13C ./-couplings  between  the  isotopic  13C  label  and  ^  and  2H  sites.  The  magnet  was  only  statically  shimmed. 
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Based  on  the  discussion  between  QPC  and  the  SIUC  team,  further  checks  were  conducted  as  an 
addendum  to  the  9  July  2017  report  named  “Current  Performance  Evaluation  for  QPC  Laser”. 
These  checks  included  (1)  looking  at  the  cross  sectional  profile  out  of  the  3  inch  and  2  inch 
telescope  and  (2)  looking  at  optical  lens  inside  of  optics  train.  Also  the  QPC  suggested  0.2  micron 
air  filter  was  attached  in  line  from  the  purified  air  tank  to  the  laser  to  prevent  any  small  debris  from 
entering  the  laser. 

(1)  Looking  at  the  cross  sectional  profile  out  of  the  3  inch  and  2  inch  telescope 

The  laser  was  directed  at  a  black  hardboard  at  20  inches  from  the  end  of  the  telescope  for  both  the 
2  inch  and  3  inch  set  ups  and  an  image  of  the  beam’s  cross  sectional  profile  was  captured  through 
the  use  of  a  cell  phone’s  camera. 


Figure  1 .  Images  of  cross  sectional  profile  of  laser  beam  out  of  2  inch  telescope  (top-left)  and  3 
inch  telescope  (top-right),  as  well  as  an  image  (bottom)  giving  a  relative  distance  from  the  end  of 
the  telescope  to  the  black  hardboard. 


As  can  be  seen  in  figure  1  (above),  at  the  QPC  suggested  distance  of  20  inches,  the  two  holes  in 
the  cross  sectional  region  of  the  laser  were  still  present  for  the  3  inch  telescope.  When  the  2  inch 
telescope  is  used,  we  are  seeing  only  one  hole  in  the  cross  sectional  profile.  The  lens  of  the  2  inch 
telescope  was  checked  for  any  visible  damages  and  cleaned  prior  to  use. 

(2)  Looking  at  optical  lens  inside  of  the  optic  train 

The  optical  lens  within  the  optical  train  was  removed  and  examined  for  any  visible  dust,  scratches, 
or  other  damages.  A  fluorescent  illuminated  tabletop  magnifier  was  used  in  order  to  see  damages 
more  easily. 

No  dust,  scratches,  or  other  damages  were  observed  on  the  optical  lens.  A  picture  of  the  current 
condition  of  the  optical  lens  was  not  taken  due  to  inability  to  focus  camera  clearly. 


Figure  2.  Image  of  inside  the  optical  train  as  laser  was  in  operation.  Location  of  optical  lens 
being  examined  was  found  within  the  cylindrical  metal  chassis  bolted  with  a  2-56  set  screw. 
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Based  on  the  recommendation  of  QPC  resulting  from  laser  test  data  presented  in  SIUC’s  addendum 
to  performance  evaluation  (Version  1 .3)  and  conversations  with  Dr.  Goodson  and  other  consortium 
members,  the  laser  to  QPC  for  reworking  some  of  its  components. 

Upon  receiving  the  laser  after  QPC  shipped  it  back  to  SIUC,  two  sets  of  experiments  were 
performed  to  evaluate  the  new  laser’s  performance  in  the  context  of  the  original  specifications.  (1) 
Comparison  of  QPC-reported  specs  (FWHM,  peak  centroid,  and  out-of-telescope  (OT)  output 
power)  to  corresponding  in-house  results  at  26  °C  water  chiller  temperature  and  nominal  operating 
current  (48.2  Amps);  (2)  Laser  output  as  a  function  of  operating  current  at  fixed  water  chiller 
temperature  (26  °C).  These  experiments  were  repeated  several  times  (to  rectify  emerging  issues) 
in  order  to  ensure  the  most  reliable  data — and  only  the  most  recent  /  reliable  sets  are  reported  here 
(an  attempt  was  also  made  to  record  the  laser  output  with  an  ostensibly  higher-resolution 
spectrometer,  but  it  was  later  detennined  that  the  actual  resolution  was  poorer  than  that  of  the 
Ocean  Optics  spectrometer  used  here). 

Notes: 


(a)  “ Telescope ”  optical  construction  was  installed  for  all  runs  reported  below. 

(b)  For  the  runs  in  this  addendum,  a  near-IR  spectrometer  (HR2000)  was  used  that  had  a 
digital  resolution  given  by  its  point  spacing:  0.04  nm  for  wavelengths  near  the  laser- 
peak. 

(c)  Wavelengths  for  spectra  are  referenced  to  Mike  Barlow ’s  portable  light  source;  based 
on  this  calibration,  a  shift  of  0.0375  nm  was  manually  added  to  the  raw  data  to  give 
values  and  spectra  show  here.  Spectra  are  air  referenced. 

(d)  Reported  linewidths  are  FWHM;  unless  noted  otherwise,  centroids  are  of  the  main 
peak,  carefully  estimated  by  eye  to  true  overall  peak  center  (deemed  more  accurate 
than  taking  position  of  highest  point  on  the  peak).  Confidence  limits  are  p/m  ~ 0.01  to 
~ 0.02  nm. 

(1)  Comparison  of  QPC  reported  FWHM,  peak  centroid,  and  OT  output  power  to  in- 
house  results  at  26  °C  water  chiller  temperature  and  nominal  operating  current  (48.2 
Amps). 

The  laser  was  directed  into  a  power  meter,  and  the  spectral  profile  (Ocean  Optics  HR2000  series) 
was  recorded  with  a  fiber-optic  probe  mounted  to  catch  backscatter  from  the  power  meter. 

A  close-up  of  the  spectrum  recorded  under  these  conditions  is  shown  in  Fig.  1;  data  are 
summarized  in  Table  1. 


2500 


48.2  amps 


Wavelength  (nm) 

Fig.  1.  Close-up  of  near-IR  spectral  profiles  of  laser  at  a  chiller  temperature  of  26  °C  and  max- 
nominal  operating  current  (48.2  Amps).  The  spectrum  was  acquired  after  1  hour  of  continuous 
operation.  Details  of  data  are  below  in  Table  1. 


Centroid 


Chiller 

Laser 

Current 

Voltage 

of  Main 

FWHM 

Temp  (C) 

Temp  (C) 

(A) 

Power  (W) 

(V) 

Peak  (nm) 

(nm) 

26 

28.9 

48.2 

167 

13.00 

794.79 

0.231 

Table  1.  Summary  of  data  from  fixed-chiller-temperature  experiment. 

The  experiment  was  conducted  at  a  water  chiller  temperature  of  26  °C  to  compare  laser  FWHM, 
peak  centroid,  and  OT  output  power  to  the  results  presented  on  Page  6  of  QPC’s  “Product  Test 
Report,  03/24/2017”.  We  observe  a  0.185  nm  “blue  shift”  difference  in  peak  centroid,  0.037  nm 
larger  FWHM,  and  a  negative  difference  of  3  W  in  OT  output  power  when  compared  to  QPC’s 
reported  peak  centroid  (794.975  nm),  FWHM  (0. 194  nm),  and  output  power  (170  W),  respectively. 
On  the  other  hand,  the  laser  showed  stable  output  over  time.  Much  of  the  difference  in  output 
wavelength  likely  reflects  the  difference  between  air  and  vacuum  referencing.  The  FWHM  issue 
may  result  from  the  0.04  nm  digital  resolution  of  the  near-IR  spectrometer.  If  this  number  is 
subtracted,  then  the  laser  meets  linewidth  spec. 


(2)  Laser  output  as  a  function  of  current  at  fixed  water  chiller  temperature  (26  °C). 


As  before,  the  laser  was  directed  into  a  power  meter,  and  the  spectral  profde  (Ocean  Optics  HR 
series)  was  recorded  with  a  fiber-optic  probe  mounted  to  catch  backscatter  from  the  power  meter; 
relative  vertical  scales  in  the  graphs  (i.e.  of  peak  heights)  should  be  directly  comparable. 

A  close-up  of  the  spectra  recorded  under  these  conditions  is  shown  in  Fig.  2;  data  are  summarized 

in  Table  2. 


Fig.  2.  Close-up  of  near-IR  spectral  profiles  of  laser  as  a  function  of  operating  current  (10-50 
amps)  at  fixed  chiller  temperature  (26  °C).  Details  of  data  are  below  in  Table  2. 


Current 

Laser 

Chiller 

Voltage 

Centroid 
of  Main 

FWHM 

(A) 

Temp  (°C) 

Temp  (°C) 

Power  (W) 

(V) 

Peak  (nm) 

(nm) 

10 

26.3 

26 

5.98 

11.67 

793.79 

0.119 

15 

26.6 

26 

26.5 

11.9 

793.92 

0.127 

20 

26.8 

26 

48.2 

12.11 

794.03 

0.124 

25 

27.2 

26 

70 

12.29 

794.16 

0.147 

30 

27.5 

26 

91.7 

12.46 

794.28 

0.156 

35 

27.8 

26 

113 

12.72 

794.43 

0.180 

40 

28.3 

26 

134 

12.77 

795.57 

0.202 

45 

28.7 

26 

154 

12.91 

794.71 

0.221 

48.2  28.9  26  167  13  794.79  0.231 

50  29.1  26  173  13.05  794.85  0.247 

Table  2.  Summary  of  data  from  variable-chiller-temperature  experiment. 

At  this  temperature,  we  obtain  the  Rb  D1  resonance  (794.766  mn)  between  an  operating  current 
of  45  to  48.2  amps. 

Summary.  The  laser  can  be  driven  to  Rb  resonance  under  these  conditions,  in  a  manner  that  is 
ostensibly  safe  for  long-tenn  laser  operation  according  to  QPC  (i.e.,  well  within  the  required 
temperature  range);  importantly,  unlocked  output  is  also  negligible  under  these  conditions  (not 
shown  in  the  presented  data),  representing  a  significant  improvement  over  the  original  embodiment 
for  this  laser.  Two  other  key  perfonnance  measures — output  power  and  FWHM  linewidth — appear 
to  barely  meet  spec  if  a  liberal  correction  factor  of  0.04  mn  (by  direct  subtraction)  is  applied. 
Moreover,  slightly  lower  laser  temperatures  should  allow  higher  currents  (up  to  the  nominal  max 
of  50  A)  and/or  higher  powers  while  slightly  improving  linewidth. 

In  any  case,  given  the  significant  improvement  in  laser  performance,  SIUC  personnel  agree  to  say 
that  the  laser  is  within  specifications  and  will  now  accept  the  laser  as  delivered/purchased. 
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Based  on  the  observations  seen  by  the  SIUC  team  and  conversations  with  Dr.  Goodson,  the  laser 
from  QPC  had  two  experiments  completed  to  reevaluate  its  perfonnance  in-house.  (1)  Current  in- 
house  performance  results,  collected  at  26.0  °C  water  chiller  temperature  and  nominal  operating 
current  of  48.2  Amps,  were  compared  to  previously  reported  in-house  results  and  QPC  reported 
specs  (FWHM,  peak  centroid,  and  out-of-telescope  (OT)  output  power).  (2)  A  camera  phone  was 
utilized  to  capture  an  image  of  the  beam  as  it  exited  the  telescope  and  hit  a  black  hardboard  to 
show  inconsistences  in  the  laser  beam. 

Notes: 

(a)  “Telescope  ”  optical  construction  was  installed  for  all  runs  reported  below. 

(b)  For  the  runs  in  this  report,  a  near-IR  spectrometer  (HR2000)  was  used  that  had  a 
digital  resolution  given  by  its  point  spacing:  0.04  nm  for  wavelengths  near  the  laser  peak. 

(c)  Wavelengths  for  spectra  are  referenced  to  Mike  Barlow ’s  portable  light  source;  based 
on  this  calibration,  a  shift  of 0. 0508  nm  was  manually  added  to  the  raw  data  to  give  values 
and  spectra  shown  here.  Spectra  are  air  referenced. 

(d)  Reported  linewidths  are  FWHM;  unless  noted  otherwise,  centroids  are  of  the  main  and 
side  peaks,  carefully  estimated  by  eye  to  true  overall  peak  center  (deemed  more  accurate 
than  taking  position  of  highest  point  on  the  peak).  Confidence  limits  are  p/m  ~ 0.01  to  ~ 0.02 
nm. 


(1)  Current  in-house  performance  results  compared  to  previous  in-house  results 

The  laser  was  directed  into  a  power  meter,  and  the  spectral  profile  was  recorded  with  a  mounted 
fiber-optic  probe  (Ocean  Optics  HR2000  series)  to  catch  backscatter  from  the  power  meter. 

A  close-up  of  the  spectrum  recorded  under  these  conditions  is  shown  in  Fig.  1;  data  from  pages  5- 
6  of  QPC’s  “Product  Test  Report,  03/24/2017”,  page  3  of  SIUC’s  “Addendum  to  Performance 
Evaluation  for  QPC  Laser  ES-8707-0003,  4  May  2017”  and  the  12  July  2017  fixed-water-chiller 
experiment  are  summarized  in  Table  1. 


Fig.  1.  Close-up  of  near-IR  spectral  profiles  of  laser  at  a  chiller  temperature  of  26.0  °C  and  max- 
nominal  operating  current  (48.2  Amps).  The  spectrum  was  acquired  after  1  hour  of  continuous 
operation.  Details  of  data  are  below  in  Table  1. 


Data 

Name 

Chiller 

Temp 

(C) 

Laser 

Temp 

(C) 

Current 

(A) 

Power 

(W) 

Voltage 

(V) 

Centroid 
of  Main 
Peak 
(nm) 

Centroid 
of  Side 
Peak 
(nm) 

FWHM 
of  Main 
peak 
(nm) 

QPC 

26.0 

28.5 

48.2 

170 

12.79 

794.975 

- 

0.194 

SIUC- 

OLD 

26.0 

28.9 

48.20 

167 

13.00 

794.79 

- 

0.231 

SIUC- 

NEW 

26.0 

28.7 

48.20 

159 

13.00 

794.83 

795.27 

0.253 

Table  1.  Summary  of  data  from  QPC’s  “Product  Test  Report,  03/24/2017”  (QPC),  SIUC’s 
“Addendum  to  Performance  Evaluation  for  QPC  Laser  ES-8707-0003,  4  May  2017”  (SIUC-OLD) 
and  12  July  2017  (SIUC-NEW)  fixed-chiller-temperature  experiments. 


The  experiment  was  conducted  at  a  fixed  water  chiller  temperature  of  26.0  °C  to  compare  laser’s 
current  main  peak  centroid,  FWHM  of  main  peak,  and  OT  output  power  to  (a)  the  results  presented 
on  Page  3  of  SIUC’s  “Addendum  to  Performance  Evaluation  for  QPC  Laser  ES-8707-0003,  4  May 
2017”  and  (b)  the  results  presented  on  page  6  of  QPC’s  “Product  Test  Report,  03/24/2017”. 

(a)  We  observe  a  0.041  nm  “red  shift”  difference  in  peak  centroid,  0.022  mn  larger  FWHM, 
and  a  negative  difference  of  8  W  in  OT  output  power  when  compared  to  our  previous  in- 
house  results  from  4  May  2017  (see  Table  1  for  summarized  results). 

(b)  We  observe  a  0.145  nm  “blue  shift”  difference  in  peak  centroid,  0.059  larger  FWHM,  and 
a  negative  difference  of  1 1  W  in  output  power  when  compared  to  QPC’s  results  from  24 
March  2017  (see  Table  1  for  summarized  results). 

We  also  are  observing  a  side  peak  at  795.27  nm  that  was  not  present  in  previous  reports.  A  side  by 
side  comparison  of  the  spectrum  from  SIUC’s  4  May  2017  report  and  the  spectrum  collected  on 
12  July  2017  is  shown  in  Fig.  2.  A  spectrum  of  increased  intensity,  to  make  observation  of  the  side 
peak’s  centroid  easier,  is  shown  in  Fig.  3. 


Fig.  2.  A  side  by  side  comparison  of  the  4  May  2017  spectrum  (left)  and  the  12  July  2017  spectrum 
(right).  Both  spectrums  are  a  close  up  of  near-IR  spectral  profiles  of  laser  at  a  chiller  temperature 
of  26.0  °C  and  max-nominal  operating  current  (48.2  Amps)  and  were  collected  after  1  hour  of 
continuous  operation. 


Wavelength  (nm) 

Fig.  3.  Increased  intensity  of  near-IR  spectral  profiles  of  laser  at  a  chiller  temperature  of  26.0  °C 
and  max-nominal  operating  current  (48.2  Amps).  The  spectrum  was  acquired  immediately 
following  collection  of  the  spectrum  from  Fig.  1.  Intensity  was  increased  by  opening  the  “eye”  of 
the  fiber  optic  probe  further.  Details  of  data  are  above  in  Table  1. 

(2)  Image  from  camera  phone  of  laser  beam 

The  laser  was  directed  at  a  black  hardboard  and  an  image  of  the  beam  was  produced  through  the 
use  of  a  camera  phone. 

Two  “holes”  in  the  center  of  laser  beam  (cross-sectional  profile)  as  it  hits  the  black  hardboard  can 
be  seen  in  Fig.  4.  Laser  settings  can  be  seen  in  Table  2. 


Fig.  4.  Image  from  camera  phone  of  laser  beam  as  it  hits  a  black  hardboard 


Chiller 

Temp 

(C) 

Laser 

Temp 

(C) 

Current 

(A) 

Power 

(W) 

Voltage 

(V) 

26.0 

28.7 

48.20 

159 

13.00 

Table  2.  Summary  of  laser  settings  on  12  July  2017  during  camera  phone  image  experiment 


Summary 


The  laser  currently  can  still  be  driven  to  Rb  resonance  under  these  conditions;  However,  the  growth  of 
a  side  peak,  an  increase  in  FWHM  and  a  decrease  OT  output  power,  as  well  as  the  presence  of  two 
“holes”  in  the  laser  beam  cross-sectional  profile,  suggest  that  the  laser  is  suffering  from  some  sort 
of  degradation  in  performance. 
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Brief  History  of  Laser  Operation: 


Laser  received  at  Vanderbilt,  but  and  the  power  output  was  mapped  by  Bryce  Kidd  and  Mike 
Barlow.  Data  is  not  included,  but  I  will  provide  it  once  I  find  it. 

We  had  issues  with  our  Water  Chiller.  The  flow  rate  was  too  low  (4.1  L/min).  Laser  was  shipped 
to  SIU  to  be  tested  on  their  water  Chiller. 


Current  Flow  Rate  (l/min) 

Laser  Temp  (Celc.) 

Power  (W) 

Voltage  (V) 

Wavelength  (nm) 

49 

4.2 

28.4 

165 

13.09 

795.04 

49 

4.4 

28.3 

165 

13.1 

795.03 

49 
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28.3 
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49 
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28.2 

166 

13.11 

794.99 

49 
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28.1 

166 

13.11 

794.98 

49 

5.2 

28.1 
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13.11 

794.96 

49 

5.4 

28 

166 

13.12 

794.94 

49 

5.5 

28 

166 

13.12 

794.94 

/innnn 

- 4.2  1 

min1 

794.5  795.2 


Uncorrected  Wavelength  (nm) 


At  that  time  the  Power  was  recorded  to  be  166  Watts  @  49  Amps  operating  current. 


Upon  The  return  of  the  laser  to  Vanderbilt,  it  was  not  operated  again  until  this  week,  because  we 
were  working  on  stand-alone  air  drying  solution  that  we  could  use  to  operate  the  laser  and  be  a 
part  of  the  Polarizer. 

We  used  the  laser  to  hyperpolarized  xenon  and  tune  our  NMR  RF  circuitry.  Which  took  a  couple 
of  days  of  testing  and  approximately  ~  5-6  hrs  of  laser  operation  during  that  period  of  time. 


Another  1  hour  operation  was  used  to  map  out  the  Laser  transmission  as  a  function  of  Water 
chiller  Flow  Rate.  (NOTE:  Our  Spectrometer  is  un-calibrated.  794.72  Rb  D1  is  actually 
represented  at  795.18nm  on  our  spectra.  On  resonance  at  5.6L/min  flow. 
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Below  is  the  same  specta,  but  with  Data  removed  for  better  clarity. 


Upon  hereing  the  issues  from  the  SIUC  Team,  I  performed  power  measurement  experiments. 
Laser  Power  Measurements  Perfonned:  7/13/2017 
Using  Gentec  Power  Meter  (Same  as  the  one  SIUC  Uses). 

Red  Data  Point:  Power  measurement  from  Bryce  during  Water  Flow  Rate  Tests  on  Laser  on 
April  13  th 


Laser  Powered  Measured  Directly  out  of  800um  Fiber  (No  Optical  Telescope)  @49Amps  = 
171.7  Amps 


